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Abstract
This thesis aims to reduce the energy consumption as well as greenhouse
gases to the environment without negatively aecting the thermal comfort.
In the present work, thermal, energetic and economic impacts of employing
passive solar systems combined with energy conservation systems have been
investigated. These energy systems have been integrated with a typical
residential building located in three dierent climate zones in Europe and
Middle East regions.
Hour-by-hour energy computer simulations have been carried out using
TRNSYS and INSEL programs to analyze the performance of integrated
energy systems. Furthermore, IESU software module has been developed
to simulate a novel cooling unit using Phase Change Material (PCM). This
unit is named as Indirect Evaporative and Storage Unit (IESU). Thereafter,
complete economic equations for the Life Cycle Cost (LCC) criterion have
been formulated. Furthermore this criterion has been optimized for dier-
ent variables as a function of thermal parameters and economic gures from
local markets.
An optimum design of both residential buildings and energy systems has
great impact on energy consumption. In fact, results showed that the energy
consumption is reduced by 85.62%, 86.33% and 74.05% in Berlin, Amman
and Aqaba, respectively. Moreover, the LCC criterion is reduced by 41.85%
in Berlin, 19.21% in Amman and 15.22% in Aqaba.
The macro economic analysis shows that once this research is applied in
one million typical residential buildings in the selected climate zones, the
annual avoided CO2 emissions are estimated to be about 5.7 million Tons
in Berlin. In Aqaba, around 2.96 million Tons CO2 emissions will be saved
annually and in Amman about 2.98 million Tons will be reduced. The
payback period from the achieved saving is 18 years, 11 years and 8.6 years
in Amman, Aqaba and Berlin, respectively.
Kurzfassung
Die vorliegende Arbeit dient der Minimierung des Energieverbrauchs von
Wohngebauden, ohne die thermische Behaglichkeit negativ zu beeinuen
und tragt damit zur Verringerung von CO2-Emissionen bei. Es wurden ther-
mische, energetische und wirtschaftliche Gesichtspunkte betrachtet. Der
Einsatz von Passivsolarsystemen und Energieeinsparungssysteme wurde fur
typische Wohnhauser mit einer Whonache vom 154 m2 in Europa und dem
Nahen Osten in drei verschiedenen Klimazonen untersucht.
Um die Performance der Energiesysteme zu analysieren, wurden Simulations-
rechnungen mit den kommerziellen Programmpaketen TRNSYS und INSEL
durchgefuhrt. Daruberhinaus wurde eine Verdampfungs- und Speicherein-
heit, die ein Phasenwechselesmaterial enthalt simuliert. Zu diesem Zweck
wurde ein Software Module in Visual Basic entwickelt und eingesetzt. Dieses
Software Module heit IESU software. Eine Gleichung zur Beschreibung der
Lebenszykluskosten (LCC) wurde in Abhangigkeit thermischer Parameter
und okonomischer Faktoren der lokalen Markte aufgestellt und eine Opti-
mierungsrechnung durchgefuhrt.
Das optimale Design von Wohnhausern und Energiesystemen hat groen
Einuss auf den Energieverbrauch. Die Ergebnisse zeigen, dass der En-
ergieverbrauch um 85,62% in Berlin, um 86,33% in Amman und um 74,05%
in Aqaba gesenkt werden kann. Daruberhinaus konnte das LCC Criterion in
Berlin um 41,85%, in Amman um 19,21% und in Aqaba um 15,22% gesenkt
werden.
Die makkrookonomische Analyse zeigt, dass eine Anwendung der prasen-
tierten Methoden bei Million typischen Wohngebauden die jahrlich CO2-
Einsparungen in Hohe von 5,7 Mio.t in Berlin, 2,98 Mio.t in Amman und
2,96 Mio.t in Aqaba zur Folge hatte. Die Amortisierungszeit betragt 18
Jahre in Berlin, 11 Jahre in Amman und 8,6 Jahre in Aqaba.
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The present study involved thermal and economic impact of employing passive and
energy conservation systems for residential buildings as rst step. Thereafter, technical
and economical optimization of a novel cooling system integrated with Phase Change
Material (PCM) has been investigated.
1.1 Background
These days, the energy supply and demand coupled with pollutants emission is one of
the greatest threats. The share of electric energy consumption will increase from 16%
in 2002 to 20% in 2030. The coal-red power plants generate 45% of the developing
world energy requirement and will increase to 47% in 2030. The world Gross Domestic
Product (GDP) is expected to be 3.2% from 2002 to 2030. The 1% increase of the
GDP corresponds to 0.6% increase of the primary energy consumption [10]. This will
emit a lot of Green House Gases (GHG) particularly CO2.
Energy consumption is directly related to population size. The present population is
6.2 billion and expected to grow 1% yearly. Thus, the population size will be 8.1 billion
in 2030. Migration of population from the rural areas to urban centers will happen and
tends to further increase the energy demand [11].
The cost of heating and cooling our houses is becoming a larger component of the
average household budget, since most modern houses are not designed with energy
conservation in mind. Most houses are too cold in winter and become too hot in
summer.
After 1973 energy crises, interest in designing buildings with signicantly less energy
has rapidly increased. Such buildings often employ bio-climatic designs in which the
principles of "design with climate" are integrated with modern building technology and
materials, incorporating energy eciency and renewable energy technologies [12].
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For the long-term future, ensuring the security of energy supplies is a highly important
issue. The main aim is to draw attention to the possibilities and measures for the appro-
priate development of energy resources towards the establishment of a "self-dependence
energy policy". Furthermore, with the increase in oil prices renewable energy sources
as well as energy conservation systems will soon become economically feasible if re-
search and development eorts concentrate on cost reduction of these systems, i.e.,
development of cheaper materials, simpler and more ecient systems in conjunction
with storage technologies.
1.2 Problem Identication
It is now universally conceded that fossil fuel resources in the world are nite and it is
only a matter of time before reserves will essentially be depleted. Jordan is an energy-
importing country, about 98.8% of its needs being supplied from abroad as crude oil,
gas and rened products. The imported fuel in Jordan totaled to 5.082 million Tons
Oil Equivalent (TOE) in 2010. The energy consumption in residential sector consists
about 21%, as shown in Figure (1.1).
Figure 1.1: Energy Consumption By Sector in Jordan [1]
On the other hand, solar energy is the origin of most renewable energies on earth.
The annual daily average solar irradiance in Jordan (average insulation intensity on a
horizontal surface) ranges between 5 - 7 kWh/m2. This corresponds to a total annual
of 1600 - 2300 kWh/m2. The average sunshine duration is more than 300 days per year
[13], nevertheless the use of solar energy sources in Jordan is very low.
In addition, building technology in Jordan pays little attention to the climatic and
thermal design, which gives buildings suering from design related problems, where
the indoor climate of these buildings does not provide the required comfort levels for
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their occupants. Most designers do not consider climate as one of the main criteria
in their design of buildings. Consequently, many of these buildings don't provide the
occupants with a comfortable environment, which satises their aspiration. In order
to achieve the aspired comfortable environment, high energy consumption is needed
which put too much pressure on the Jordanian economy.
In fact, air cooling and heating equipment contribute a lot of GHG [14]. Using tra-
ditional air-conditioning during Summer period in Jordan is becoming very popular
especially last two years due to climate change. These systems consume huge amount
of electrical energy that is largely dependent upon fossil fuel which leads to increase
the amount of CO2 emissions. The air-conditioning can be used in all climates but it
is expensive as well as its highly running cost. Thus, this type of air-conditioning is
neither sustainable nor environment-friendly.
Moreover, Jordan has a rapid population growth, 2.2% per annum [15]. From one side,
the human demand for better and comfortable condition is getting high. From another
side, urbanization is happening; migration of population from the rural areas to urban
centers. Furthermore, the global environmental problem is a serious one.
All above problems are complex as there are many parameters and considerations to
be deeply looked into. These problems have become globally political, economic and
technological problems. Hand in hand solutions for these problems are a must to attain
a common goal.
1.3 State of Art
In 1981 the Royal Scientic Society (RSS)/Jordan and the Kuwait Institute for Scien-
tic Research (KISR) performed a joint project to study the possibilities of solar heating
and cooling in buildings. To meet the objectives of this project, a house was designed
and built at RSS location in Amman. It was concluded that the heating demand was
reduced by about 50% when passive and active design criteria were considered. Tests
showed that the space heating isn't economically feasible [13].
Aqaba Residence Energy Eciency (AREE) building was the rst sustainable residen-
tial building in Aqaba-Jordan. The construction began in early 2007 and was com-
pleted in 2008. The building accommodates 420 m2 of residential space. The design
and construction method saves 30% of the cooling load when compared to a conven-
tional residential building. Furthermore, sustainable solar cooling concept "adsorption
cooling" was applied. This is the rst application of a solar cooling installation in
Jordan and it is a promising concept. The solar cooling system led to total savings on
electricity costs of 72%. The expected Payback Period (PbP) of solar cooling system
is less than nine years [16].
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Number of passive residential buildings around the world in late 2008 is estimated from
15,000 to 20,000 buildings [17; 18]. In August 2010, there were approximately 25,000
certied buildings in Europe, while in the United States there were only 13 buildings
[19]. The rst passive house residence was built in Darmstadt, Germany in 1990, and
occupied by the clients by the following year.
Schnieders addressed the question "Which measures are required in order to achieve
a typical solution for a heat load of 10 W/m2?". The results show that for Germany,
typical passive house windows with an overall U-value of 0.85 W/m2K must be used
and U-values for the walls have to be about 0.13 W/m2K. For Vienna more insulation
is needed to achieve a heat load of 10 W/m2. For Norway, insulation levels are chosen
similar to Germany. Since minimum temperatures during the night may be as low
as -25C in Oslo, a very good insulation and further optimized windows are required.
Helsinki (Finland) climate combines two diculties; very low temperatures and radi-
ation levels close to zero in December and January. In order to build passive houses
in Helsinki, extremely good insulation, small, highly insulated windows and a compact
building shell are required [20].
Mathematical model for estimating building cooling load was developed by Ansari et al.
[21]. The eect of signicant building parameters like orientation, window glass shade
type, number of glass panes, wall insulation, roof type and oor type can be easily
investigated by his model. Bokel [22] calculates the yearly energy demand for heating,
cooling and electric lighting as a function of window position, window size and window
shape for an oce environment in the Netherlands.
A systematic approach for optimization of insulation material thickness was developed
and applied in Palestine by Hassan [23]. In Hong Kong, thermal insulation is seldom
applied to the fabric of high rise residential buildings as noted by Bojic et al. [24]. The
detailed building heat transfer simulation program HTB2 was employed to calculate
the yearly cooling loads and the maximum cooling demand in an insulated high rise
residential building. Ucar [25] obtained the optimum insulation thickness for various
cities from four climate zones of Turkey, namely, Antalya, Istanbul, Elazig and Erzurum.
On the other hand, Yu [26] investigated the optimum thicknesses of ve insulation
materials including expanded polystyrene, extruded polystyrene, foamed polyurethane,
perlite and foamed polyvinyl chloride are calculated with a typical residential wall.
Many theoretical and experimental studies have shown that indoor comfort is improved
as well as reduction in annual heating energy due to a well designed Trombe walls
[27; 28; 29; 30]. Chel et al. [31] estimated the passive heating potential of Trombe wall
for a honey storage building by using TRNSYS building simulation software. It was
concluded that energy conservation up to 3,312 kWh/year can be achieved. PbP was
assumed to be about 7 months [31]. Fernandez-Gonzalez [32] presents a summary of the
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thermal performance of ve dierent passive solar test-cells (Direct Gain, Trombe wall,
Waterwall, Sunspace, and Roofpond) during 2002 - 2003 heating season in Muncie,
Indiana. Fernandez-Gonzalez [32] concluded that Trombe wall produces an extremely
stable indoor environment with low variation in the operating temperature. Further-
more, Trombe walls have been integrated into the envelope of a recently completed
Zion Visitor Center at Zion National Park, Utah and the Solar Energy Research Facil-
ity and the National Renewable Energy Laboratory (NREL) Visitor Center in Golden,
Colorado. The wall is 44% of the total South facing wall area. In the Visitor Center,
20% of the annual heating was supplied by Trombe wall [33].
The impact of Energy Recovery System (ERS) on annual cooling and heating energy
consumption is investigated in a dierent research [34; 35; 36; 37]. Fehrm et al. [36]
showed that heat recovery system lowered the primary energy consumption by 19.4%
and CO2 emissions by 18.4%. Moreover, Membrane-based Energy Recovery Ventilator
could save about 58% of the annual energy required for conditioning fresh air in hot and
humid regions [38]. Furthermore, the impact of ERS on annual cooling and heating
energy consumption is investigated by modeling a 10-storey oce buildings in four
US cities representing four dierent climatic conditions by using TRNSYS simulation
program [39]. Results showed that depending on the climate and system eectiveness,
the operation of ERS with capability of moisture recovery reduces the annual heating
energy consumption by 40% during heating season. Furthermore, when ERS operated
under the proposed optimum control, up to 20% annual cooling energy was saved
depending on location and ERS eectiveness.
Direct Evaporative Air Conditioning (DEAC) has been discussed in open literature [40;
41]. The disadvantages of such system are the noise, dicult in controlling the interior
temperature, and the quality of conditioned air due to adding moisture to the air. To
improve the comfort level of conditioned air, the indirect Evaporative Air Conditioning
(IEAC) is introduced [41; 42; 43; 44]. Maheshwari et al. [45] investigated IEAC in
coastal and interior locations in Kuwait. The seasonal energy savings of IEAC were
12,418 and 6,320 kWh for the interior and coastal areas, respectively. This paper didn't
take the water consumption into consideration. Moreover, all energetic advantages
had been evaluated by an economic point of view, in terms of net present worth and
discounted PbP of the investment, by Lazzarin and Noro [46]. They concluded that
evaporative cooling techniques are energy saving for a wide range of climates.
Thermal energy storage in general, and PCMs in particular, have been a main topic in
research for the last 20 years [47; 48; 49; 50; 51; 52; 53; 54; 55]. The current research
for PCM application in buildings has been focused on three elds. The rst one is the
reduction of temperature swings of light-weight buildings by increasing their thermal
mass [48; 56; 57; 58]. The second one is the cooling of buildings through intermediate
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storage of cold from the night ventilation [59; 60; 61; 62; 63; 64; 65; 66; 67; 68; 69;
70; 71; 72; 73; 74]. The third one of application is for heat storage in space heating
systems [75]. The free cooling technique by using PCMs in buildings can provide
better indoor thermal comfort, and help reduce the need of air-conditioning use and
sizes [70; 71; 73; 74]. However, this concept is only feasible in climate conditions with
relatively large temperature dierences between day and night in Summer [65; 66].
1.4 Scope of Investigation
Low energy building combines state of the art and energy ecient construction in
order to minimize energy consumption of conventional energy. As building design
needs to consider other requirements and constrains (architectural functions, indoor
environmental conditions, and economic eectiveness), a pragmatic goal of this research
is to provide the occupants with thermal comfort at least cost.
As rst step ideal energy conservation building envelop can be achieved by optimiza-
tion of thermo-physical properties to increase decay and delay aects and to meet the
requirements of human thermal comfort. Thus, the passive use of solar energy is op-
timized by the orientation and layout of the building. Then, the optimum type and
size of windows in all facades will be investigated, the thermal insulation thickness of
external walls and ceiling will be studied in three scenarios in order to nd the technical
and economic optimum thickness. Movable shades are used to prevent solar warming
in Summer period, but allow for solar heat to enter during Winter to minimize the
heating load.
Trombe walls are among the important passive solar systems. Thermal, environment
and economic impact of Trombe wall system for residential building will be investigated
in this work. The annual energy demand will be estimated while both thermal insulation
thicknesses added to the walls and ceiling as well as the Trombe wall area ratio are
varied.
The applicability of Energy Recovery System (ERS) will be extensively studied. Mean-
while, through a residential building, the amounts of heating and cooling loads will
be analyzed and compared for dierent ERS heat transfer areas. Moreover, economic
impact of employing ERS will be investigated. This work hasn't discussed before espe-
cially for Middle East.
Technological innovation is needed for future sustainable energy systems [76]. Fur-
thermore, the whole issue of storage in a technico-economic context isn't found in the
reviewed papers [77]. Thus, in this research new unit will be designed and optimized to
maintain thermal comfort inside the building. IEAC will be integrated with PCM heat
exchanger to give a novel unit called Indirect Evaporative and Storage Unit (IESU).
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This unit will cool the building through cheap source as well as store cold in PCM.
Code will be written to simulate the hourly performance of IESU. To author knowledge,
there are no studies about IESU in the open literature. IESU will be very promising
unit with respect to energy saving.
An optimum size of passive solar systems, ERS and IESU in residential buildings will
be determined by using Life Cycle Cost (LCC) criterion. PbP will be calculated be-
side LCC criterion. This optimization will be estimated using economic gures from
local markets. This will lead to develop an approach for designing the most economic
residential building.
Finally, a comparison of thermal and economic impact of employing passive solar sys-
tems, ERS and IESU in residential buildings in three dierent climate zones in Middle
East and Europe will be illustrated.
This research, if applied, will improve building situation and saving money due to re-
duction in energy consumption from non-renewable energy sources. Also, it is expected
to reduce CO2 emission, which leads to reduce the pollution, due to reduction of fuel
consumption for heating and cooling purposes. Furthermore, such building is designed
to continue functioning even during blackouts and improved human comfort by reduc-
ing temperature uctuations. In addition, criteria for the design and construction of
building in Mediterranean and Europe climate will be developed to enhance the thermal
performance of future residential buildings.
1.5 Phase Change Material
PCM's are a substance in which the heat at the solid-liquid phase transition point is
used in applications for storing large amounts of thermal energy at a certain temper-
ature [78]. The rst best-known PCM is water. It has been used for cold storage for
more than 2000 years. Nowadays, cold storage with ice is state of the art and even
cooling with natural ice and snow is used again.
The phase change solid-liquid by melting and solidication can store large amounts of
heat or cold within a very narrow temperature range, if a suitable material is selected.
Melting is characterized by a small volume change, usually less than 10%. If a container
can t the phase with larger volume change the pressure isn't changed signicantly [78].
Table (1.1) shows a comparison between the sensible (rock bed and water tank) and
latent (organic and non-organic PCM) heat storage. The advantage of the latent heat
over the sensible heat is clear from the comparison of the volume and mass of the storage
unit required for storing a certain amount of heat. It is also clear from Table (1.1) that
inorganic compounds, such as hydrated salts, have a volumetric thermal storage density
higher than organic compounds due to their higher latent heat and density.
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Table 1.1: Comparison Between Dierent Methods of Heat Storage [8]
Property Rock Water Organic PCM Inorganic PCM
Density (kg/m3) 2,240 1,000 800 1,600
Specic heat (kJ/kg) 1.0 4.2 2.0 2.0
Latent heat (kJ/kg) - - 190 230
Latent heat (kJ/m3) - - 152 368
Storage mass for 106J (kg) 67,000 16,000 5,300 4,350
Storage volume for 106J (m3) 30 16 6.6 2.7
Relative storage mass 15 4 1.25 1.0
Relative storage volume 11 6 2.5 1.0
1.5.1 Properties
PCM's to be used for thermal energy storage must have a large latent heat and high
thermal conductivity. They should have a melting temperature lying in the practi-
cal range of operation, melt congruently with minimum subcooling and be chemically
stable, low in cost, nontoxic and non-corrosive [79].
PCM's have been studied during the last 40 years are: hydrated salts, paran waxes,
fatty acids and eutectics of organic and non-organic compounds. The melting temper-
ature and enthalpy of these materials are shown in Figure (1.2). A close look at this
Figure indicates that energy density is roughly proportional to the melting temperature.




The most common groups of PCMs are organic and inorganic compounds. Inorganic
materials, as shown in Figure (1.2), cover a wide temperature range such as water at
0C, aqueous salt solutions at temperature below 0C, salt hydrate between about (5 -
130)C and dierent salts at temperature above 150C. Their density are usually larger
than 1 g/cm3 so their melting enthalpy per volume are larger than organic materials.
On the other hand, organic materials cover a smaller temperature range from (0-150)C.
The popular example of organic materials is parans, fatty acids and sugar alcohols.
Most organic PCMs are non-corrosive, chemically stable and do not subcool. Their
disadvantages are low thermal conductivity and their ammability. Inorganic com-
pounds have a higher latent heat per unit volume than organic PCMs, high thermal
conductivity, are non-ammable and low in cost in comparison to organic compounds.
However, they are corrosive to some metals and suer from decomposition and sub-
cooling, which can aect their phase change properties. The applications of inorganic
PCMs require the use of nucleating and thickening agents to minimize subcooling and
phase segregation. [79].
1.5.2 Applications
Potential elds of application for PCMs can be found directly from the basic dierence
between sensible and latent heat storage [2], as shown in Figure (1.3). Heat can be
supplied or extracted from a latent heat storage material without signicant tempera-
ture change. Therefore; PCMs can be applied to stabilize the indoor temperature in a
building.
Figure 1.3: Potential Fields of PCM Applications: Temperature Stabilization (Left)
and Storage of Heat or Cold with Small Temperature Change (Right) [2]
There are three goals of PCMs application in building; the rst is reducing temperature
swings of lightweight building by increasing their thermal mass, the second is using
natural heat and cold sources (solar energy for heating or night cold for cooling), and
the third is using manmade heat or cold sources. Accordingly, PCMs application in
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building can be classied into two main systems; passive and active storage system. The
passive storage system matches the rst goal where the active storage system matches
the second and third goals. These applications are summarized in Figure (1.4). This
research will add new application (IESU) to this Figure which will be widely discussed
in Chapter 5
Figure 1.4: PCMs Applications in Buildings
1.5.3 Commercial PCMs
More than 50 PCMs are commercially available from the following companies:
- PCM Energy P. Ltd in India (http://www.pcmenergy.com/).
- RUBITHERM GmbH in Germany (http://www.rubitherm.de/).
- Climator AB in Sweden (http://www.climator.com/).
- CRISTOPIA Energy Systems in France (http://www.cristopia.com/).
- Dorken GmbH & Co. KG in Germany (http://www.doerken.de/).
- Mitsubishi Chemical in Japan.
Figure (1.5) shows an overview of commercial PCMs with their melting temperature
and melting enthalpy per volume and mass. The prices of commercial PCM vary
between 0.5 - 10 e/kg. For a rough estimate an energy price of 0.1 e/kWh for heat
can be assumed. This means that 3600 kJ cost 0.1 e. From Figure (1.5), an average




Figure 1.5: Phase Change Temperature and Enthalpy Per Volume () and Mass () of
Commercial PCM (ZAE Bayern)
The initial cost of PCM (additional investment cost for the storage tank, heat exchanger
and the stored heat, which is also never completely free, have not even been taken into
account) needed to store required heat ranges between 10 - 200 e. So, a number of
100 - 2000 storage cycles are necessary. Therfore; seasonal storage using PCM is far
from being economic at current energy prices. To be competitive in energy systems,
one should try to charge and discharge a storage daily, or in even shorter periods.
1.6 Thermal Performance Calculation Methods
There are several methods that can be used for estimating thermal performance of
buildings and systems, such as:
1.6.1 Simulation Methods
Simulations are numerical procedure which may give the same kind of thermal per-
formance information as can physical experiments. In these methods, a mathematical
model is established by using meteorological data, results are then considered to rep-
resent longer term performance. That model is then solved by a computer algorithm
as a simulation process.
Simulations are uniquely suited to parametric studies and thus oer, to the process
designer, the capability to explore the eects of design variables on long-term system
performance [80]. They oer the opportunity to evaluate eects of system conguration
and alternative system concepts. They have the advantage that the weather used to
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drive them is reproducible, allowing parametric and conguration studies to be made
without the uncertainties of variable weather. By the same token, a system can be
operated by simulations in a wide range of climates to determine the eects of weather
variation on its performance.
Simulation programs are research tools for exploring systems that are not well under-
stood or that are too complicated to be described by short-cut methods. Many simula-
tion software's are widely used such as, Carrier, DEROB-LTH, TRNSYS, Energy Plus,
INSEL : : : etc.
1.6.2 Short-Cut Method
Short-cut methods are ones of the design methods which include correlations of the
results of a large number of detailed simulations. The results of many simulations are
correlated in terms of easily calculated dimensionless variables.
1.7 Economic Evaluation Criteria
Several evaluation tools can be considered, to evaluate the cost-eectiveness of energy
projects. Life Cycle Cost (LCC) and Payback Period (PbP) are the most common
evaluation methods used in engineering projects.
1.7.1 Payback Period
This evaluation method measures the elapsed time between the point of an initial
investment and the point at which accumulated savings are sucient to oset the
initial investment. PbP is the length of time it takes for an initial investment to be
repaid out of the net cash inows from a project [81]. At the end of PbP, the system
has paid for the initial investment and any revenue produced thereafter is pure gain.






Ci:c : initial cost (e)
Cs : annual saving (e).
PbP isn't the correct criterion for evaluating energy investments. It fails to account for
system life, discount rate, fuel ination, and benets accrued during the remainder of
the lifetime. Using payback period without any other economic tools can be misleading
and economists have been unanimous in rejecting it.
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1.7.2 Life Cycle Cost
Life Cycle Cost (LCC) is the sum of all costs associated with an energy delivery system





 PWF + Ci:c (1.2)
where;
Qaux: : annual auxiliary energy (kWh).
Pc : conventional energy price (e/kWh).
aux : auxiliary system eciency (%).
PWF : Present Worth Factor.









fm : maintenance (%).
fsalv : salvage value (%).
i : ination rate (%).
r : interest rate (%).
N : life time (year).
1.8 Optimization Method
The objective of optimization is to select the best possible decision for a given set
of circumstances without having to enumerate all of the possibilities. The subject
which formulates and explains this talent is a branch of applied mathematics known as
optimization theory, a science that studies the best [82].
Three basic components are required to optimize building LCC. First, the mathematical
model of the annual energy consumption as a function of energy systems variables,
which can be manipulated and controlled. Second, an economic model of the building's
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LCC is required. Finally, an optimization method must be selected which locates the
values of the independent variables of the building's LCC to produce the minimum cost
as measured by the economic model.
1.8.1 Graphical Optimization
Optimization problem can be solved by observing the way they are graphically repre-
sented. All constraint functions are plotted, and a set of feasible designs for the problem
are identied. Objective function contours are then drawn and the optimum design is
determined by visual inspection [83].
1.8.2 Numerical Methods
There are several methods can be used to solve constrained non-linear optimization
problems numerically. The successful methods are; successive linear programming, suc-
cessive quadratic programming and the Generalized Reduced Gradient (GRG) method
[84].
In 1967, Wolfe developed the reduced gradient method based on a simple variable elim-
ination technique for equality constrained problems [85]. GRG method is an extension
of a reduced gradient method which is based on extending linear constraints method
to apply to nonlinear constraints [86].
GRG method ranked best among 15 codes from industrial rms and universities in USA
and Europe [87]. On the other hand, GRG ranked the second among 22 optimization
programs and 180 test problems [88].
To nd x = (x1, x2, : : :, xn), a design variable vector of dimension n, to minimize a
cost function;
f(x) = f(x1; x2; : : : ; xn) (1.4)
Subject to the m equality constraints
h1(x)  h1(x1; x2; : : : ; xn) = 0 (1.5)
:::::::::::::::::::::::::::::::::::::::::::::::
hm(x)  hm(x1; x2; : : : ; xn) = 0 (1.6)
GRG method uses a repeated sequence of steps that starts on the constraints, moves
tangent to the constraints in a favorable direction with respect to f(x ) and returns to
the constraints. The individual steps for a problem of n variables and m constraints
are as follows [83]:
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1. Starts with trial point within the constraints, x(0). Such a position may be located
by arbitrarily n-m variables, substituting these variables into the m constraints
and solving for the n variables by using analytical technique for constrains such
as Newton-Raphson technique.
2. At the point on the constraints compute components of the gradient vector rf ,
rh1 : : : rhm.
3. Apply the reduced gradient concept to move tangent to the constraints in a
favorable direction with respect to f(x ). If the step size chosen results in a less
favorable value of f(x ) than existed at the starting point, reduce the step size.
4. Return to the constraints by adjusting n of the variables through application of
Newton-Raphson to the m simultaneous equations provided by the constraints.
5. If in the process of returning to the constraints the value of f(x ) is degraded
relative to its value at the starting point, return to Step 3 with a smaller step
size.
6. If no improvement is possible with a suciently-small step size, terminate, oth-
erwise, return to Step 2.
The central feature of the GRG method is Step 3, which determines the direction
that is tangent to the constraints and at the same indicates a favorable direction for
f(x ). Newton-Raphson method is used to perform the direction of design change in
multi-dimensional problems.
The basic idea of the Newton-Raphson method is to use second-order Taylor's series
expansion of the function about the current design point. This gives a quadratic ex-
pression for the change in design rx. The necessary conditions for minimization of
this function then give an explicit calculation for the direction of travel in the design
space. Proper step length in this direction then completes one iteration of the method.
The second-order Taylor series expansion for the function f(x);
f(x+rx) = f(x) + f(x)rx+ 0:5r2f(x)rx2 (1.7)
is minimized when rx solves the linear equation;
f(x) +r2f(x)rx = 0 (1.8)
The second derivative, r2f(x), is positive which provide that f(x) is a twice dieren-
tiable function. By reciprocal r2f(x) with the inverse of the Hessian matrix, H f(x),
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the sequence xn dened by;
x(k+1) = x(k)   [Hf(x)] 1rf(x)k > 0 (1.9)
Equation (1.9) will have to be repeated to obtain improved estimates until the minimum
is reached (xn). The geometric interpretation of Newton-Raphson method is that at
each iteration one approximates f(x) by a quadratic function around x(k), and then
takes a step towards the minimum of that quadratic function.
1.9 Nonlinear Regression Analysis
Regression analysis gives information on the relationship between a response (depen-
dent) variable and one or more (predictor) independent variables to the extent that
information is contained in the data. The goal of regression analysis is to express the
response variable as a function of the predictor variables. The duality of t and the
accuracy of conclusion depend on the data used.
Least Squares Method is the most popular method of parameter estimation for co-
ecients of regression models. It has well known probability distributions and gives
unbiased estimators of regression parameters with the smallest variance [89].
Response of n data points (x1, y1), (x2, y2), : : : (xn, yn) is predicted by a regression
model given by
y = f(x) (1.10)
where, the function f(x) is nonlinear and has regression constants that need to be
estimated.
A measure of goodness of t that is how the regression model f(x) predicts the response




(yi   yi)2 ; i = 1; 2; :::n (1.11)
Ideally, R2 equal to 1 means that an equation have been found in which all the points
lie on a model.
1.10 Selected Tools for the Present Work
TRNSYS Simulation software is an acronym for a TRaNsient SYstem Simulation pro-
gram. TRNSYS is a complete and extensible simulation environment for the transient
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simulation of systems, including multi-zone buildings. It is to validate new energy con-
cepts, from simple domestic hot water systems to the design and simulation of buildings
and their equipment, including control strategies, occupant behavior, alternative en-
ergy systems and hydrogen systems [7]. The calculations are inuenced by climatic
factors such as outdoor temperature, solar radiation and relative humidity. Indoor cli-
mate properties of the building, annual heating and cooling energy and performance of
Trombe wall system will be calculated by TRNSYS.
INSEL is an acronym for INtegrated Simulation Environment Language. It provides
an integrated environment and a graphical programming language for the creation of
simulation applications [4]. A full set of models for the simulation of ERS, which is
implemented in the inselST toolbox, will be used to investigate the performance of
ERS.
TRNSYS and INSEL softwares are coupled to each other. TRNSYS produces an hour
per hour heating and cooling load les in addition to indoor climate properties les
of the building. On the other hand, INSEL software produces the modied inlet air
temperature due to introducing ERS or IEAC. Then, this temperature is used as input
in TRNSYS to calculate the new hourly heating load, cooling load and indoor climate
properties.
Since IESU is new unit in energy eld; there is no research tool available in the open
literature to simulate its performance. Thus, IESU software module will be developed
using Visual Basic 6.0.
Finally, a complete economic equations for the LCC criterion will be formulated in
order to calculate the optimum size of passive systems, ERS and IESU. Graphical and
numerical method based on GRG method will be used to nd the design parameters
at minimum LCC. Moreover, PbP will be calculated beside LCC criterion.
1.11 Greenhouse Gas Emissions Reduction
The Kyoto protocol is one of the world's eorts to diminish Greenhouse Gas (GHG)
emissions that contributes greatly to the global warming. There is a strong evidence
for this, notably the correlation between CO2 and the rise in global temperature and
some argue that this is not an emissions problem, but rather a larger sustainable energy
problem. Therefore, reducing the conventional energy consumption would likely lead
to a reduction in CO2 emissions and help slow global warming.
The calculated value of GHG emissions (kg-CO2/year) is determined by multiplying
the calculated energy savings by the emissions factor (kg-CO2 /kWh). GHG emissions
factor can be based upon the performance of an incremental generating unit (i.e. a
natural gas-red combined cycle power plant) or be based upon the average emissions
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performance of a mix of utility and non-utility generating plants.
The emissions factor for diesel is assumed about 229.9 g-CO2 /kWh, while for electricity




This chapter describes the typical residential building which will be thermally and
economically designed to achieve lower energy consumption at reasonable cost.
2.1 Building Prototype
As mentioned by Department of Statistic (DOS), type of building called "Dar"in Jordan
represents about 72% of the total residential building in Jordan [91]. Thus, the model
in this study is considered as typical Jordanian residential building "Dar" and it can
be described as follows:
- The building is a rectangular shape located in Amman region, well insulated according
to Thermal Insulation Code [5].
- The oor area is about 154 m2 and ceiling height is 3 m. It consists of three bedrooms,
living room, guest room, kitchen and three bathrooms, as shown in Figure (2.1)
and Figure (2.2).
- Number of occupants is 6 persons.
- The overall heat transfer coecient (U) is 0.398 W/m2K and 0.469 W/m2K for wall
and ceiling, respectively.
- All windows are aluminum-framed (U = 2.27 W/m2K), sliding with tight double
glazing (U = 2.83 W/m2K and SHGC = 0.775).
- The specic energy consumption is 88.08 kWh/m2.
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Figure 2.1: Selected Building Plan
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Figure 2.2: An Isometric View for the Selected Building
2.2 Design Conditions
The initial step in the load calculation is selecting indoor and outdoor design conditions.
These conditions will be described in the following sections.
2.2.1 Indoor Design Conditions
Heating and cooling in buildings are strongly connected to human comfort requirements.
The criteria considering the human comfort with respect to indoor climate relates to the
heat exchange between the human body and the environment via thermal conduction,
radiation, evaporation (sweating) and convection caused by temperature dierences.
Acceptable ranges of operative temperature and humidity for people in typical Summer
and Winter clothing during primarily sedentary activity (Addendum ASHRAE 55a to
ASHRAE Standard 55) [3] are shown in Figure (2.3).
Indoor conditions assumed for design purposes depend on building use, type of oc-
cupancy, and/or code requirements. ASHRAE Handbook of Fundamentals [3] and
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ASHRAE Standards 55 and 55a [92; 93] dene the relationship between indoor condi-
tions and comfort. Typical practice indoor design conditions for cooling is 24C dry
bulb temperature and a maximum of 50-65% relative humidity. For heating, it is 20C
dry bulb temperature and 30% relative humidity [3]. These conditions will be used
throughout this research.
Figure 2.3: ASHRAE Summer and Winter Comfort Zones [3]
2.2.2 Outdoor Design Conditions
Amman capital of Jordan lies in the "global Sunbelt" at latitude of 32C North and
longitude of 36C East which represents moderate weather with a mountainous topog-
raphy. This location has abundant supplies of solar energy, with relatively high average
daily solar radiation. The annual sunshine is more than 300 days [13].
The climate of Amman is predominantly of the Mediterranean type. It is marked by
sharp seasonal variations in both temperature and precipitation. Climate can be cold
to very cold in Winter and warm to hot in Summer. Summer starts around mid of
May and Winter starts around mid of November, with two short transitional periods
in between (autumn and spring). The demand for heating and cooling is strongly
inuenced by the outdoor air temperature and global solar radiation on horizontal
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plate, around the building. In addition to relative humidity. These meteorological data
have been obtained from INSEL library [4].
The yearly average of temperature is 17.2C, with lowest mean temperature of 3.6C
in January and highest mean temperature of 32.6C in August. Figure (2.4) represents
hourly outdoor temperature prole all over the year which will be used in thermal
performance calculations.
Figure 2.4: Outdoor Temperature Prole [4]
The mean relative humidity is varied from 39% in June to about 71% in January, as
shown in Figure (2.5).
The highest solar radiation is 7.68 kWh/m2.day in July, while the lowest solar radiation
is 2.8 kWh/m2.day in December. The daily average solar radiation is plotted in Figure
(2.6). This hourly solar radiation data will be used to estimate the annual thermal
performance.
2.3 Economic Model
Cost estimation of all measures and systems in addition to conventional energy systems
do involve some basic assumption which can be summarized as follows:




Figure 2.5: Outdoor Humidity Prole [4]
Figure 2.6: Outdoor Solar Radiation Prole [4]
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- The life span of the building, auxiliary heating system and all passive systems used
in this work is assumed to have 30 years.
- The auxiliary cooling system has 10 years life span.
- The Energy Recovery System (ERS) and Indirect Evaporative and Storage Unit
(IESU) are assumed to have a 15 years life span.
- According to Jordanian market the ination rate is around 8.9% and the interest rate
is about 6.25% as mentioned by Central Bank of Jordan (CBJ).
- The auxiliary heating system has an eciency of 65% [94].
- The auxiliary cooling system has Coecient of Performance (COP) of 3 [94].
- The salvage factor is set at 10% of the capital cost for heating auxiliary system as
well as ERS and IESU. on the other hand, it assumed to be 6% of the capital
cost for auxiliary cooling system.
- Maintenance factor for the auxiliary heating and cooling systems is assumed to be
15%, and 10% of the capital cost, respectively.
- ERS and IESU are assumed to have a 6% as maintenance factor.
- Current fuel price is considered as current tari in Jordan [95].




In this chapter the main important components in passive design will be thermally
investigated. Thereafter, a complete economic equations for the Life Cycle Cost (LCC)
criterion will be formulated and optimized as a function of thermal insulation thickness
and Trombe wall area ratio .
3.1 Introduction
Climate often has a signicant eect of building energy use, particularly in residences.
Comfortable, beautiful, energy ecient and sustainable residential buildings can be
designed after answered two questions; how and why buildings use energy? [12]. Steps
of how residential buildings energy use can be reduced are summarized as follows;
- Designing the building passively taking into consideration the climate parameters in
order to minimize the heating, cooling, dehumidication, lighting, equipment and
hot water loads. This can be done by passive heating and cooling, indirect solar
gain, best orientation, thermal mass, glazing ... etc.
- Improving the used mechanical and electrical equipment eciency to meet remain
loads.
- Supplying the needed primary energy with renewable rather than fuel, if needed.
Passive solar design was used long time ago. Throughout history, civilizations have
learned how to adapt their architecture to their climatic conditions and in almost all
cases primary importance was given to the relationships with the sun.
Passive solar systems can be identied as those systems in which heat is transferred by
free convection and radiation modes. In passive solar systems the solar collection and
storage subsystems are combined into one component [80].
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Space heating and cooling loads have four major components; solar heat gain through
apertures, heat conduction, ventilation/ inltration, and internal loads. TRNSYS soft-
ware is selected to simulate hourly heating and cooling load. Then technical eect of
several passive design techniques; choosing the best facade orientation, eect of win-
dows size, eect of Trombe wall and thermal insulation thickness to ceiling and walls
will be investigated.
3.2 Heat Transfer through Building's Construction
Heat transfer through building's construction is the transient ow of thermal energy
between outdoor and indoor air due to temperature dierence between them. Heat
transfer through walls, ceiling, door and windows are calculated in details in the fol-
lowing sections.
3.2.1 Thermal Resistance for Internal and External Air Films
Film thermal resistance, Rf , depends on the surface emissivity, surface exposure degree
to the weather and the direction of heat ux. Materials can be classied into two types
[97]:
- High emissivity: this includes general construction material such as cement blocks,
stones, marbles, concrete, plaster, wood and glass.
- Low emissivity: this includes metallic materials such as aluminum and steel panels.
The external surfaces may be classied into three types depending on the exposure
degree to the weather;
- Protected surfaces: this includes buildings with one or two oors and located in the
center of the city.
- Normal exposure surfaces: this includes buildings with three, four or ve oors and
located in the city center and also includes buildings with one, two or three oors
located near the city.
- Extensive exposure surfaces: this includes buildings with six oors or over located
in the city center, buildings with four oors or over located near city and for
buildings placed on hilly or seashores regions.
High emissivity and protected surfaces have been selected as the default case for the











Rf;i : inner lm thermal resistance, (m
2K/W)
Rf;o : outer lm thermal resistance, (m
2K/W).
3.2.2 Thermal Resistance Through External Walls
Heat conduction through opaque surfaces of the building envelop depends on the ther-
mal properties of the material and on its eective heat capacity. Thermal conductivity
and thickness of materials used in construction of the building are according to Jorda-
nian Thermal Insulation Code [5]. Thermal properties of these materials are listed in
Table (3.1).
Figure (3.1) shows the cross section of the used wall in this research. The thermal
resistance for wall, Rw, can be calculated as follows:

















tw : thermal insulation thickness in walls (m).
k : materials thermal conductivity (W/m2K).
t : materials thickness (m).
Figure 3.1: Wall Construction [5]
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3.2.3 Thermal Resistance Through Ceiling
Ceiling with reinforced concrete and rips (hollow concrete block) will be used in this
research. Figure (3.2) shows a cross sectional for this ceiling.
Figure 3.2: Ceiling Construction [5]
Since the construction for this type of ceiling is inhomogeneous, the following formulas
will be used to calculate the ceiling thermal resistance:













































Where A1A = 20% for non-rips ceiling and
A2
A = 80% for ceiling with rips.
3.2.4 Heat Transfer Through Windows and Doors
Thermal transmissions for windows and doors have been selected as follows [5]:
- Wooden doors, U = 3.5 W/m2K.
- Double glaze windows with aluminum frame (15% frame(U = 2.27 W/m2K)), U =
2.83 W/m2K, SHGC = 0.775.
3.3 Orientation
In planning the building, it is just as important to design for protection from Summer
sun as for access to Winter sun. The rst step in designing a solar ecient structure is
30
3. Passive Solar Systems
the understanding of the geometrical relationship between earth and sun to orientate
the building according to the sun [98].
In this study a passive facade, as shown in Figure (3.3), is set as a reference. Then
the best building orientation is investigated by changing passive facade to face South,
North, East and West in a consecutive manner in a purpose of allowing solar radia-
tion to enter the building during Winter and protect it, as possible, during Summer.
The annual auxiliary energy needed for heating and cooling for four dierent orienta-
tions have been hourly simulated by using Type 56 (multi-zone buildings) in TRNSYS
software [7]. This component models the thermal behavior of a building divided into
dierent thermal zones. Each thermal zone has one air node representing the thermal
capacity of the zone air volume [7].
The simulation results are presented in Figure (3.4). This Figure shows that when
passive facade facing North, the annual heating demand is the highest one due to
prevent solar radiation from entering the building in Winter. The annual heating
demand is around 5,045 kWh which means 5.53% more energy than South orientation
case. On the other hand, the annual cooling demand is about 8,716 kWh, which is
0.78% less energy than South orientation case.
Figure 3.4: Annual Heating and Cooling Demand at Dierent Orientation
When orienting the passive facade to West the annual heating demand is about 4,970
kWh, as shown in Figure (3.4). This heating demand is more than South orientation
case by 3.95%. The annual cooling demand is 9,032 kWh which uses 2.82% more energy
than orientation to South case. This case has highest values for total annual energy
demand as compared with other orientation cases.
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Figure 3.3: Reference Passive Facade
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Also, it can be seen from Figure (3.4) that the annual heating and cooling energy are
4,796 kWh and 9,038 kWh, respectively once passive facade is facing East. That's
using 0.30% and 2.89% more heating and cooling energy than South orientation case,
respectively.
Furthermore, Figure (3.4) shows that the total energy needed to provide comfort
throughout the year is 14,001 kWh, 13,833 kWh, 13,761 kWh, and 13,565 kWh for
West, East, North, and South orientation, respectively. One can detect that the total
annual energy needed in both heating and cooling is the lowest when the passive facade
is oriented to South. Therefore; passive facade facing South is the best orientation from
energy saving point of view.
As a result, the passive facade is orientated towards South to allow solar radiation to
enter the building in cold weather is the best decision. This will be set as a base case
for the following passive design measures. The hourly heating and cooling load is 4,781
kWh and 8,784 kWh, respectively. The maximum cooling load is 6.11 kW where the
maximum heating load is 5.55 kW. The specic energy consumption is 88.08 kWh/m2
and LCC equals to 78,698 e.
3.4 Windows' Size and Shading Device
Direct gain is the simplest passive solar building design technique [99]. Windows are
very important component of passive design because heat loss and gain occurs mostly
through windows. Windows not only provide interior light and view but also collect the
sun's heat and they act as a collector, while the building itself provides some storage.
Windows also provide a day-lighting which oer dramatic electrical energy savings and
cooling load reductions. The minimum windows size is 10% from the facade area in
order to reach human comfort [100; 101].
Shading is mainly for hot seasons thus linked to Summer comfort. The hottest hours
of the day are between 10:00 AM - 4:00 PM. Thus, protection is needed from solar
radiation at these times. In this work South windows are shaded with retractable
shade to provide shading from direct solar radiation in Summer.
3.4.1 Thermal Optimization
The eect of windows' size on heating load is estimated for dierent windows' size
technically by using TRNSYS software [7]. The results are plotted in Figure (3.5).
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Figure 3.5: Annual Heating Energy at Dierent Windows' Size
Figure 3.6: Annual Cooling Energy at Dierent Windows' Size
The heating load increases linearly as windows percentage at North facade increase, as
shown in Figure (3.5). So, it is recommended to minimize windows' size at this facade
for heating purpose. Furthermore, the heating load decreases with increasing South and
East windows' area percentage till 40% from each facade area then it tends to increase.
Therefore; the optimal percentage of windows' area for South and East facades is 40%
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from the facade area. Moreover, it can be concluded from this Figure that the optimum
windows' size is 20% for West facade. The thermal heat losses through windows become
more than solar gain after this optimum percentage. This is happened when ambient
temperature is lower than room temperature during Winter time that leads to increase
the thermal heat losses.
Increasing of windows' size in all facades will increase the cooling load linearly, as
shown in Figure (3.6). The highest cooling load occurs at South facade; thus proper
shading device in Summer is installed on South facade. Shading device will take into
consideration the latitude, climate, solar radiation transmittance, illumination levels
and windows' size.
The curve t equations of the required auxiliary energy during heating and cooling
months, as a function of percentage windows' area from facade area (w), are listed in
Table (3.2).
Table 3.2: Curve Fit Equations for Auxiliary Heating and Cooling Energy at Dierent
Windows' Size
Auxiliary Energy (kWh) R2
Heating Mode
































The objective function which will be optimized is LCC function which equal to;
LCC = (auxiliary system cost + maintenance cost for auxiliary system - auxiliary
system salvage cost) + base cost + windows cost + (annual auxiliary energy cost -
annual cost of saved energy due to windows) or;
LCC = Caux:;h(wW ; wE ; wS ; wN )[1 + fmPWF   fsalv( 1 + i
1 + r
)N ]
+ Caux:;c(wW ; wE ; wS ; wN )[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + Cb
+ C(wW ; wE ; wS ; wN ) + [Qaux:;h(0) Qaux:;h(wW ; wE ; wS ; wN )]
pd
aux:
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w : percentage of windows' area from total facade area (%).
Cb : basic cost. (e).
C(wW ; wE ; wS ; wN ) : windows cost (e).
Caux:;h : auxiliary heating system cost (e).
Caux:;c : auxiliary cooling system cost (e).
Qaux:;h(0) : annual auxiliary heating energy consumption (base load) (kWh).
Qaux:;c(0) : annual auxiliary cooling energy consumption (base load) (kWh).
Qaux:;c(wW ; wE ; wS ; wN ) : annual cooling energy saved due to windows (kWh).
Qaux:;h(wW ; wE ; wS ; wN ) : annual heating energy saved due to windows (kWh).
fm : maintenance fraction.










(1  ( 1 + i
1 + r
)N ) (3.6)
fsalv : salvage fraction.
i : ination rate.
r : interest rate (equivalent to discount rate).
N : life time (years).
pd : thermal energy price (e/kWh).
pe : electrical energy price (e/kWh).
aux: : auxiliary heating system eciency (%).
COP : Coecient Of Performance.
LCC is subjected to ve constraint equations as follows;
z = Cw(wW ; wE ; wS ; wN ) (3.7)
10%  wW  90% (3.8)
10%  wE  90% (3.9)
10%  wN  90% (3.10)
10%  wS  90% (3.11)
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The Microsoft Excel "solver add-in" which uses GRG algorithm is used in estimating
the minimum LCC. The results show that the minimum LCC is occurred when the
windows size is set as 30% of the South facade area, 20% of the East facade, 10% of
North facade and 10% of West facade. The LCC is reduced by about 1.63% from the
base LCC while the additional cost is raised by 4.47%. The new energy consumption in
Winter season is reduced by 5.06% while in Summer season is reduced by 8.61% from
the base case. The specic energy consumption is 81.6 kWh/m2.
3.5 Thermal Insulation
The internal mass is the key to a successful thermal environment and the proper thick-
ness of insulation is the tool for achieving this key.
The annual heating and cooling load is estimated for dierent insulation thickness for
walls and ceiling, by using TRNSYS software [7]. Then the optimum thermal insulation
thickness is calculated by optimizing the objective function LCC which equals to;
LCC = (auxiliary system cost + maintenance cost for auxiliary system - auxiliary
system salvage cost) + base cost + thermal insulation cost + (annual auxiliary energy
cost - annual cost of saved energy due to thermal insulation thickness), or;
LCC = Caux:;h(tc; tw)[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + Caux:;c(tc; tw)
[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + Cb + Cins:(tc; tw) + [Qaux:;h(0)
 Q(tc; tw)] pd
aux:





tw : thermal insulation thickness in wall (m).
tc : thermal insulation thickness in ceiling (m).
Cins: : thermal insulation cost (e).
Qaux:;h(0) : annual auxiliary heating energy consumption after windows' optimum
design (kWh).
Qaux:;c(0) : annual auxiliary cooling energy consumption after windows' optimum
design (kWh).
Qaux:;c(tc; tw) : annual cooling energy saved due to thermal insulation (kWh).
Qaux:;h(tc; tw) : annual heating energy saved due to thermal insulation (kWh).
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LCC is subjected to three constraint equations as follows;
z = Cins:(tc; tw) (3.13)
0:06  tc  0:6 (3.14)
0:06  tw  0:6 (3.15)
Three scenarios will be studied in order to nd minimum LCC as follows;
3.5.1 First Scenario
In this scenario, the thermal insulation in ceiling is set constant (0.06 m) and varies in
the walls. Then the opposite has been done (i.e the thermal insulation in walls is set
constant and varies in the ceiling).
The percentage of annual saving at dierent insulation thickness has been simulated
and plotted in Figure (3.7). Once the ceiling is insulated with 0.18 m and the walls with
0.06 m, about 20.44 % will be saved from the base case annually. The specic energy
consumption is 70.08 kWh/m2. Also, about 11.93% energy saving will be achieved
when the ceiling is insulated with 0.06 m and walls with 0.13 m. The specic energy
consumption is 77.58 kWh/m2.
Figure 3.7: Energy Saving at Dierent Insulation Thickness (First Scenario)
Once the thermal insulation thickness of 0.18 m is used for ceiling and 0.06 m for walls,
the initial cost is increased by 22.06%. On the other hand, LCC is reduced by 7.88%,
as shown in Figure (3.8).
Figure (3.9) shows that the optimum insulation thickness is 0.13 m for walls when
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thermal insulation thickness is set 0.06 m for ceiling. The LCC is reduced by 4.33%
and the initial cost needed is increased by 7.57%.
Figure 3.8: Optimum Thermal Insulation Thickness (tw = 0.06 m)
Figure 3.9: Optimum Thermal Insulation Thickness (tc = 0.06 m)
3.5.2 Second Scenario
In this scenario, both ceiling and walls are insulated with the same thickness. The opti-
mum insulation thickness tends to annually save about 50.81% and 14.95% from annual
heating and cooling energy demand, respectively. The specic energy consumption is
63.79 kWh/m2. These outcomes are shown in Figure (3.10).
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Figure 3.10: Energy Saving at Dierent Insulation Thickness (Second Scenario)
LCC of the conventional heating and cooling system over selected building life time is
about 69,612 e, as shown in Figure (3.11). Investment of 13,832 eis needed, once an
investor tend to install insulation thickness of 0.22 m for both walls and ceiling. That
means, about 11.55% will be saved over the life cycle of the building with an extra
investment of 35%.





The last scenario is a combination between thermal insulation thickness of 0.13 m for
walls and 0.18 m for ceiling. This scenario saves annual energy consumption by 24.58%
and reduces LCC by 10.65%. The annual specic energy consumption per square meter
is 66.44 kWh/m2.
The curve t equations of the required auxiliary energy during heating and cooling
months, as a function of thermal insulation thickness are listed in Table (3.3) .
Table 3.3: Curve Fit Equations for Auxiliary Heating and Cooling Energy at Dierent
Insulation Thickness
Auxiliary Energy (kWh) R2
Heating Mode
Q = -8213.3 x2c - 8392.7 x
2


















Trombe wall was rst developed by American named Edward Morse in 1881 [102] and
recently revived by the French inventor Felix Trombe [80]. Trombe wall is made of a
material that absorbs a lot of heat, such as concrete or masonry and it is coated with a
dark color [80]. It will be placed behind South facing glass to increase the thermal mass
to receive high amounts of solar gain. The heat absorbed from the sun is conducted
slowly through the storage mass to the inner surface. The air heated by convection
rises and passes into the heated space. During the period of no sunlight, heat stored
in the thermal mass wall is radiated and convected into space to be heated. Energy
can be transferred to the room by air circulating through the gap between wall and
glazing through openings at the top and bottom of the wall. Circulation can be natural
convection controlled by dampers on the vent openings or by forced circulation by fans
[80]. Properly sized overhangs should be used to shade Trombe wall during Summer
when the sun is high in the sky. Shading Trombe wall can prevent the wall from getting
hot during the time of the year when the heat is not needed [33; 103]. Trombe wall
system is shown in Figure (3.12).
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Figure 3.12: Trombe Wall [6]
3.6.1 Theory
Trombe wall system can be considered as a set of nodes connected together by a thermal
network, each with a temperature and capacitance as shown in Figure (3.13). The wall
is divided into N nodes across its thickness [80].
Figure 3.13: Thermal Scheme of Trombe Wall [7]
The thermosyphon mass ow of air in this model has been determined by applying
Bernoulli's equation to the entire air ow system. For simplicity, it is assumed that the
density and temperature of the air in the gap varies linearly with height. The average
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)2 + C2 : represents the pressure drop in the gap and vents, and C1 and C2 are
dimensionless empirical constants. Values of C1 and C2 have been determined by
Utzinger [104] to be 8.0 and 2.0, respectively.
h : wall height (m).
Tm : mean air Temperature in the gap (
C).
g : gravity acceleration (m/s2).
Tr : room air temperature (
C).
The thermal resistance (R) to energy ow between the gap and the room when mass









_m : mass ow rate of air in the gap (kg/s).
Cp : specic heat of air (kJ/kg.K).
hc : gap air heat transfer coecient (kJ/m
2K).
A : Trombe wall area (m2).
Heat is transferred by radiation across the gap and by convection between air owing in
the gap and the absorbing surface and the inner glazing. The heat transfer coecient
between air in the gap and the wall and glazing depends on whether the vents are open
or closed. If the vents are closed, the heat transfer coecient is calculated by solving
natural convection and infrared radiation exchange between gray surfaces problems for
vertical collectors.If vents are open and there is ow through the gap, the following
equation can be used for ow in the turbulent region [80];
Nu = 0:0158Re0:8 (3.18)
where;
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Nu : Nusselt number.
Re : Reynolds number







Pr : Prandtl number.
L : length (m).
Dh : hydraulic diameter (m).
A heat loss coecient (Ut) is based on the inner glazing temperature. It can be esti-
mated by standard methods of Chapter 6 in "Solar Engineering of Thermal Processes"
book [80]. Finally, heat transfer from the room side of the wall to the room (Ub) is
calculated by conventional methods [80].
Type 36 in TRNSYS is chosen to simulate the performance of Trombe wall. This model
is directly coupled to the room. Absorbed solar radiation reaches the room by either
of two paths. One path is conduction through the wall. From the inside wall surface,
the energy is convected and radiated into the room. The second path is convection
from the hot outer wall surface to air in the gap. Room air owing through the gap
is heated, carrying energy into the room. The wall also loses energy by conduction,
convection and radiation to the environment through the glazing covers [7].
3.6.2 Thermal Optimization
A masonry wall of 0.2 m thickness, coated with a dark, heat absorbing material and
covered by a single layer of glass, placed from about 0.15 m away from the masonry
wall is selected, as shown in Figure (3.12). The detailed parameters of Trombe wall are
listed in Table (3.4).
The hourly heating energy demand as well as hourly energy gain conducted through the
wall and convected by air ow into the heated space is simulated at dierent Trombe
wall sizes. The calculation procedure assumes that the heat from the wall osets the
heating load whenever the building temperature is below the maximum temperature
limit. Whenever the building temperature exceeds this maximum value, the excess
energy is dumped. Practically, this is done by installing roller shutters insulation
curtains between glass and masonry wall layer, as shown in Figure (3.12).
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Table 3.4: Trombe Wall Parameters
Parameters Unit
Orientation South -
Trombe wall area ratio (a) 0 - 51.83 %
Windows shading coecient 0.9 -
Wall height 3 m
Wall thickness 0.2 m
Wall thermal conductivity 1.75 W/m2K
Wall specic heat  density 1932 kJ/m3K
Wall solar absorbance 0.9 -
Glazing emittance 0.9 -
Window R-value 0.333 m2K/W
Space between wall and glazing 0.15 m
Number of glazing 1 -
The annual energy consumption in Winter season for the selected residential building,
before adding Trombe wall, is 2,352 kWh where the maximum load is 3.78 kW.
Trombe wall rstly is added to the two bed rooms which facing South facade. That
means Trombe wall ratio (a), the percentage of Trombe wall to the total South wall,
is 18.29%. The results of the annual Trombe wall ux and heating energy demand are
presented in Figure (3.14).
Figure 3.14: Trombe Wall Integrated to Bed Rooms
Figure (3.14) shows that the annual heating load is 1,862 kWh when Trombe wall area
ratio is 18.29% where the maximum load is 3.78 kW. That means about 20.9% of the
total heating load can be saved. The annual specic heating energy consumption of
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the building is 12.09 kWh/m2.
Once Trombe wall is added to the two bed rooms and guest room that facing South
facade (a = 27.44%) about 27% can be saved from the base load as shown in Figure
(3.15). This Figure shows that the maximum load and the annual heating load is
3.78 kW and 1,716 kWh, respectively. Moreover, the annual specic heating energy
consumption for the building is 11.14 kWh/m2.
Figure 3.15: Trombe Wall Integrated to Bed and Guest Rooms
The eect of increasing Trombe wall area ratio to 36.59% is also studied. This time
Trombe wall is integrated with two bed rooms, guest room and living room. The results
are presented in Figure (3.16). The energy saving can be reached up to 32.1% of the
annual heating load. The annual specic heating energy consumption is 10.36 kWh/m2.
The energy saving of 32.4% and 32.5% is achieved once extra area of Trombe wall is
added to living room and guest room, respectively. The annual specic heating energy
consumption can be reached up to 10.31 kWh/m2, if Trombe wall ratio is 51.83%.
Table (3.5) shows a summary of thermal analysis at dierent Trombe wall area ratio.
Table 3.5: Summary of Trombe Wall Thermal Analysis
Trombe wall area ratio (a) 0 18.19 27.44 36.59 45.73 51.83
Annual heating load (kWh) 2,352 1,862 1,716 1,596 1,591 1,587
Max. heating load (kW) 3.78 3.78 3.78 3.78 3.78 3.78
Specic energy consumption (kWh/m2) 15.27 12.09 11.14 10.36 10.33 10.31
Energy saving (%) - 20.85 27.04 32.16 32.36 32.53
It is concluded from Table (3.5) that Trombe wall doesn't reduce the maximum load.
On the other side it reduces the annual heating energy consumption. That is because
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Figure 3.16: Trombe Wall Integrated to Bed, Guest and Living Rooms
Trombe wall depends on the availability of solar radiation; when there is high solar
radiation a less heating demand is required and vice versa.
The eect of Trombe wall area ratio on building heating demand is presented in Figure
(3.17). The ability of Trombe wall in covering the annual heating load after ratio of
37% is becoming negligible. That means the technical optimal Trombe wall area ratio
is 36.59%. Moreover, it is clear from Figure (3.17) that the relationship that describes
the heating load over dierent Trombe wall area ratio of nonlinear type, it is second
order equation. The curve t equation for the auxiliary energy needed after installing
Trombe wall is presented in Table (3.6)
Table 3.6: Regression Equations of Auxiliary Energy as a Function of Trombe Wall
Area Ratio
Auxiliary Energy Regression (kWh) R2
Q = 3620.3 a2 - 3347.4 a + 2352.8 0.9988
3.6.3 Economic Optimization
The objective function which will be optimized is LCC function which equal to;
LCC = (auxiliary system cost + maintenance cost for auxiliary system - auxiliary
system salvage cost) + base cost + Trombe wall cost + (annual auxiliary energy cost
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- annual cost of saved energy due to Trombe wall), or;
LCC = Caux:;h(a)[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + Caux:;c(a)[1 + fmPWF   fsalv( 1 + i
1 + r
)N ]







Figure 3.17: Annual Auxiliary Energy due to Trombe Wall
where:
a : Trombe wall area ratio.
CT:W (a) : cost of the Trombe wall (e).
Q(a) : annual heating energy saved due to Trombe wall (kWh).
Qaux:;h(0) : Annual auxiliary heating energy consumption after optimal thermal insu-
lation (e).
Qaux:;c : Annual auxiliary cooling energy consumption after optimal thermal insulation
(e).
LCC is subjected to two constrain equations as follows;
z = CTW (a) (3.21)
0  a  51:83% (3.22)
48
3. Introduction
The economic analysis of employing Trombe wall is presented in Figure (3.18). This
Figure shows Trombe wall cost, auxiliary energy needed after installing Trombe wall
and LCC of the building as a function of Trombe wall area ratio.
Figure 3.18: Trombe Wall System Economic Analysis
The results show that the economic optimal point is occurred at Trombe wall area ratio
of 36.59%. LCC will be reduced by 13.03% over the life span of the building.
3.7 Thermal Insulation and Trombe Wall Optimization
Thermal performance of a combination of Trombe wall and thermal insulation in walls
and ceiling have been investigated and reported in Figure (3.19).
A multiple regression analysis for the heating and cooling load have been estimated
and reported in Table (3.7). It is obvious that the relationship which describes the




Figure 3.19: Annual Heating Load due to Trombe Wall and Thermal Insulation
Table 3.7: Regression Equation of Heating Load as a Function of Trombe Wall Ratio
and Thermal Insulation Thickness
Auxiliary Energy (kWh) R2
Heating Mode



















An optimization of thermal insulation and Trombe wall is estimated using economic
gures from local markets. The objective function which will be optimized is LCC
function which equal to;
LCC = (auxiliary system cost + maintenance cost for auxiliary system - auxiliary
system salvage cost) + (base cost + thermal insulation cost + Trombe wall cost) +
(annual auxiliary energy cost - annual cost of saved energy due to thermal insulation
and Trombe wall), or;
LCC = Caux:;h(a; tc; tw)[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + Caux:;c(tc; tw)[1 + fmPWF
  fsalv( 1 + i
1 + r
)N ] + Cb + Cins:(tw; tc) + CT:W (a) + [Qaux:;h(0; 0; 0)
 Qaux:;h(a; tc; tw)] pd
aux:







Qaux:;h(0; 0; 0) : annual auxiliary heating energy consumption (base load) (kWh).
Qaux:;c(0; 0; 0) : annual auxiliary cooling energy consumption (base load) (kWh).
Qaux:;h(a; tc; tw) : annual heating energy saved due to thermal insulation and Trombe
wall (kWh).
Qaux:;c(tc; tw) : annual cooling energy saved due to thermal insulation (kWh).
LCC is subjected to four constraint equations as follows;
z = Cins(tc; tw) + CT:W (a) (3.24)
0%  a  0:52% (3.25)
0:06  tc  0:6 (3.26)
0:06  tw  0:6 (3.27)
Three design variables have been optimized namely; thermal insulation thickness in
ceiling (tc), thermal insulation thickness in wall (tw) and Trombe wall area ratio (a).
The Microsoft Excel "solver add-in" which uses Generalized Reduced Gradient (GRG)
algorithm was used in estimating the optimum variables at minimum LCC.
The results of the economical analysis at dierent investment levels are presented in
Table (3.8). The thermal insulation and Trombe wall have a considerable benet in
Amman region. The calculated benets are due to both reduction in auxiliary energy
system size and reduction in fuel consumption.
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Table 3.8: Minimum LCC of a Combination of Thermal Insulation and Trombe Wall
at Dierent Investment Levels
z tc tw a LCC
e m m % e
Base Case 78,698
12,000 0.11 0.15 4.95 70,715
14,000 0.19 0.21 20.37 68,285
15,000 0.23 0.24 28.60 68,022
15,093 0.23 0.24 29.24 68,019
15,500 0.25 0.25 31.78 68,046
16,000 0.27 0.27 34.34 68,158
18,000 0.30 0.60 36.82 69,026
20,000 0.42 0.60 42.01 70,428
22,000 0.55 0.60 43.37 72,324
23,327 0.60 0.60 60.00 74,149
It is clear from above Table that minimum LCC occur at (xw = 0.24 m, xc = 0.23
m, a = 29.24%) which will reduce LCC by 13.57%. In fact, Trombe wall area ratio of
29.24% is refused from architectural point of view. Thus Trombe wall area ratio will
be increased to 36.59%.
As a conclusion, the optimum size for thermal insulation and Trombe Wall is (Uw =
0.123 W/m2K, Uc = 0.143 W/m
2K, a = 36.59%). This will reduce annual energy
consumption by 33.5% annually by extra initial cost by 49.77%. The specic energy
consumption is 58.58 kWh/m2. On the other hand, LCC will be reduced by 13.55%
and 41% of annual CO2 emission will be saved annually. The new building model is
shown in Figure (3.20).
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Due to concerns over Indoor Air Quality (IAQ) and occupants health, HVAC-related
organizations have set standards that specify the minimum required ventilation rate
depending on the type of buildings and occupancy [105; 106]. Higher ventilation rates
improve the IAQ by diluting pollutants such as airborne particles and volatile organic
compounds. On the other hand, studies have shown that higher ventilation rates in-
crease the building energy consumption in a majority of cases, especially during heating
season [107; 108; 109]. In this chapter Energy Recovery System (ERS) will be designed
technically and economically to ensure a healthy environment for the occupants and
reduce energy loss due to ventilation.
4.2 Energy Recovery System Design
ERS has two fans and two duct systems. One duct introduces fresh air (supply duct sys-
tem) while the other one exhausts indoor polluted air (exhaust duct system). Exhaust
duct system works by depressurizing the building by reducing the inside air pressure
below the outdoor air pressure, while supply duct system works by pressurizing the
building by using a fan to force outside air into the building.
Exhaust air is taken from the kitchen and bathrooms to ensure that there is no air move
from bathrooms and kitchen to the other places in the building by making negative
pressure in these areas. On the other hand, fresh air is supplied to the bedrooms, guest
and living rooms.
According to ASHRAE standards 62.2-2004, the ventilation air requirement is 21 l/s
at all times, in addition to 5 Air Changes per Hour (ACH) from the kitchen and 10 l/s
per each bathroom as continuous exhaust ventilation [105]. Thus, the total ventilation
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rate for the building is 92.17 l/s. The fresh air in this study is considered at the same
conditions of the ambient, while the exhaust air is considered at the same conditions
of the inside air.
Cross ow heat exchanger is a major component in ERS. This type of exchanger is less
likely to become blocked with contaminants and is more easily cleaned. Maintenance
is also minimized because there are no moving parts. This heat exchanger is made of
Aluminum and its geometry is shown in Figure (4.1).
Figure 4.1: Cross Flow Heat Exchanger Geometry
The heat exchanger width (W) varies between 30 - 130 mm. The heat exchanger length
(L) varies between 200 - 500 mm. The heat transfer area varies between 0 - 50 m2.
Heat transfer eectiveness (") for cross ow heat exchanger (unmixed) is independent
of exchanger temperatures. It can be expressed as [3];
" = 1  exp(e




= NTU 0:22, _Cr =
_Cmin
_Cmax
NTU : Number of Transfer Units.
Also " is dened as the actual heat transfer ( _QHX) divided by the maximum possible
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Assuming that there is no leakage ow, no heat loss and no phase change. Thus, the
enthalpy dierences across the supply and exhaust air streams are equal. Hence, the
heat transfer can be expressed as;
_QHX = _Cs(Ts;o   Ts;i) = _Ce(Te;i   Te;o) = UATlm (4.3)
where;
_Cs : supply air capacity rate (kJ/K.s).
_Ce : exhaust air capacity rate (kJ/K.s).
Ts;o : outlet temperature of supply air (
C).
Ts;i : inlet temperature of supply air (
C).
Te;o : outlet temperature of exhaust air (
C).
Te;i : inlet temperature of exhaust air (
C).
A : heat exchanger area (m2).
U : overall heat transfer coecient (W/m2K).
Tlm : log mean temperature dierence.
Since supply and exhaust capacity rate are equal ( _Cs = _Ce = _C), Therefore;
_QHX = _C(Ts;o   Ts;i) = _C(Te;i   Te;o) (4.4)
The maximum heat exchange is given by the product of the lower capacity rate ( _Cmin)
and the inlet temperature dierence, i.e.;
_Qmax = _Cminj(Te;i   Ts;i)j (4.5)
By substituting equations (4.4) and (4.5) into (4.2) equation; " can be computed as;
" =
(Ts;i   Ts;o)
(Ts;i   Te;i) (4.6)
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Then, the outlet temperature of supply air can be calculated as;
Ts;o = Ts;i + "(Te;i   Ts;i) (4.7)
The heat transferred is calculated by substituting Tso into equation (4.4). Then, the
outlet temperature of the exhaust air is;




Hourly outlet temperatures of supply and exhaust streams have been simulated by using
INSEL simulation software [4]. Then, hourly outlet supply temperatures are used as
inlet air temperature to TRNSYS software [7] to calculate hourly cooling and heating
load required for indoor comfort. Outlet supply temperature prole as compared with
ambient temperature prole for the whole year is simulated and plotted in Figure (4.2)
Figure 4.2: Temperature Variation due to ERS
Outlet supply temperature proles for the coldest day (January 22) in Winter and the
hottest day (August 26) in Summer are shown in Figure (4.3) and Figure (4.4). These
Figures show that ERS is used during the whole day in winter while it's used in summer
only after 8:00 AM.
The relationships which describe annual energy demand at dierent heat transfer ar-
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Figure 4.3: Temperature Variation due to ERS (Jan. 22)
Figure 4.4: Temperature Variation due to ERS (Aug. 26)
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eas are non-linearly proportioned. A multiple regression equations for annual energy
demand as a function of heat transfer areas are presented in Table (4.1).
Table 4.1: Regression Equations of Auxiliary Energy as a Function of Heat Transfer
Area
Auxiliary Energy (kWh) R2
Heating Mode
Q = -110 4A5+1.4410 2A4-0.7661A3+19.234A2-239.25A+1563.1 0.9972
Cooling Mode
Q = -1.210 3A5+7.610 2A4-1.8A3+22.54A2-145.19A+7469.1 0.9972
Hours of using ERS for heating and cooling modes has been determined based on
outside and inside conditions. The annual operation hours of ERS in Winter, where
the outside temperature is lower than 20C, is 2,666 hours. The annual operation hours
in Summer, where the outside temperature is higher than 24C, is 1,417 hours.
Figure (4.5) shows energy saving due to ERS. It is noticed that heat transfer area of
2.4 m2 is sucient to reduce about 32.65% and 1.85% from annual heating and cooling
energy load, respectively. Also, heat transfer area of 50 m2 will save 89.64% and 6.90%
from heating and cooling energy consumption, respectively.
Figure 4.5: Energy Saving due to ERS
It is clear from the Figure above that ERS in Winter is more eective than in Summer.
The energy saving is slightly increased after heat transfer area of 10 m2 in Winter where
it is slightly increased after area of 4 m2 in Summer.
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4.3 Energy Recovery System Optimization
In order to perform optimum size of ERS, it is necessary to obtain building Life Cycle
Cost (LCC). Then, LCC is minimized by using economic gures from local markets.
The objective function equals to;
LCC = (auxiliary system cost + maintenance cost for auxiliary system - auxiliary
system salvage cost) + (ERS cost + maintenance cost - salvage cost) + base cost +
(annual auxiliary energy cost - annual cost of saved energy due to ERS + ERS running
cost) or;
LCC = Caux:;h(A)[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + Caux:;c(A)[1 + fmPWF
  fsalv( 1 + i
1 + r
)N ] + CERS(A)[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + Cb + [Qaux:;h(0)
 QERS;h(A)] pd
aux:





A : ERS heat transfer area (m2).
Cb : base cost (e).
CERS : ERS cost (e).
Caux:;h : auxiliary heating system cost (e).
Caux:;c : auxiliary cooling system cost (e).
Qaux:;h (0) : annual auxiliary heating energy consumption after applying optimum
passive design techniques (kWh).
Qaux:;c (0) : annual auxiliary cooling energy consumption after applying optimum
passive design techniques (kWh).
QERS : annual cooling energy saved due to ERS (kWh).
Qr:e : annual running energy due to ERS (kWh).
fm: maintenance fraction (%)
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fsalv: salvage fraction (%).
i : ination rate (%).
r : interest rate (equivalent to discount rate) (%).
N : life time (Years).
pd : thermal energy price (e/kWh).
pe : electrical energy price (e/kWh).
aux: : auxiliary heating system eciency (%)
COP : auxiliary cooling system Coecient Of Performance.
LCC is subjected to two constrain equations as follows;
z = CERS(A) (4.11)
2:4  A  50 (4.12)
The running cost of ERS is the summation of supply and exhaust fans electricity cost.
The fan power required is estimated from [110];
P = ( _V  M p)=(f;m  1000) (4.13)
where;
P : fan power (W).
_V : volume ow rate of supply air (l/s).
M p : pressure drop of air caused by uid friction (pa).
f;m : overall eciency of fan and motor.
Energy saving, LCC and Payback Period (PbP) results at dierent heat transfer areas
are calculated and summarized in Table (4.2). Moreover, ERS initial cost, annual
auxiliary energy (heating and cooling) and LCC are plotted in Figure (4.6).
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Figure 4.6: Economical Analysis of ERS
Table 4.2: Summary of Economic Benets
A Saving PbP LCC
m2 % Years e
Base Case - 78,698
0 33.5 - 68,037
2.4 38.26 12.33 68,070
4.0 40.24 7.94 66,671
5.6 41.87 7.30 65,937
7.2 42.69 6.90 65,665
9.0 43.57 7.06 65,442
10.8 44.24 7.40 65,353
11.2 44.43 7.44 65,320
12.6 44.75 7.80 65,356
18.0 45.78 9.23 65,614
19.2 45.93 9.60 65,729
25.6 46.59 11.55 66,378
32.0 47.01 13.55 67,175
41.6 47.43 16.60 68,496
50.0 47.58 19.34 69,729
It is shown from Figure (4.6) and Table (4.2) that as initial cost increases the annual
auxiliary energy needed to cover the annual energy demand is decreased. The results
show that minimum LCC over 30 years is occurred at heat transfer area of 11.2 m2.
The LCC of the building is reduced by 17% from the basic case by applying optimum
passive design techniques in addition to introducing ERS. This will reduce annual
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energy consumption by 44.43% annually by extra initial cost by 56.31%. The specic
energy consumption is 48.95 kWh/m2. On the other hand, annual CO2 emissions by
54.8% will be saved annually. The payback period of ERS initial cost from the achieved
saving is 7.44 years.
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Chapter 5
Indirect Evaporative and Storage
Unit
Phase Change Materials (PCMs) are received increasing interest, which have been
recognized as one of eective approaches to reduce energy consumption in buildings.
This chapter will focus on a novel application of PCM for cooling purpose.
5.1 Evaporative Cooling
5.1.1 Direct Evaporative Air-Conditioning
Direct Evaporative Air-Conditioning (DEAC) is the simplest, the oldest, and the cheap-
est system of air-conditioning. This system typically consists of large porous wetted
pads, a sump at the bottom, an electric motor driven fan, a water pump and a water
distribution. In this system, air is drawn through porous wetted pads and its sensible
heat evaporates some water; the heat and mass transfer between the air and water
lowers the air dry-bulb temperature and increases the humidity at a constant wet-bulb
temperature. The heat and mass transfer stops when the dry-bulb temperature of the
nearly saturated air approaches the ambient air's wet-bulb temperature [110]. The
amount of cooling provided is determined by eciency of the wetting medium, the fan,
and the overall design and construction of the unit. This system is well suited for cli-
mates where the air is hot and humidity is low. The disadvantages of such system are:
the noise, dicult in controlling the interior temperature, and the quality of conditioned
air due to adding moisture to the air. To improve the comfort level of conditioned air
Indirect Evaporative Air-Conditioning (IEAC) is introduced [41; 42; 43; 44].
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5.1.2 Indirect Evaporative Air-Conditioning
Indirect Evaporative Air-Conditioning (IEAC) is similar to DEAC, but uses heat ex-
changer. The cooled moist air never comes in direct contact with the conditioned air.
The indirect process is a sensible cooling process on the psychometric chart. This pro-
cess follows a line along a constant humidity ratio since no moisture is introduced in
IEAC.
The performance of IEAC is measured by Wet-Bulb Depression Eciency (WBDE).
This is calculated as follows [110]:
WBDE =
Tamb   Tsi
Tamb   Twb (5.1)
where;
WBDE : Wet-Bulb Depression Eciency (%).
Tsi : inlet temperature of secondary air (
C).
Tamb : ambient temperature (
C).
Twb : wet-bulb temperature (
C).
Two models of IEAC were simulated by Jaber and Ajib [111]. The performance of these
models were investigated by using INSEL and TRNSYS Softwares. INSEL produces
the modied inlet air temperature (supply air temperature to the building) due to
introducing IEAC. Then, this temperature is used as input to TRNSYS software to
calculate hourly cooling load required for indoor comfort [111].
The schematic of rst model is shown in Figure (5.1). The inlet primary stream comes
from the room while the inlet secondary stream comes from outside air at ambient
temperature. The cooling due to ventilation (hot air entering the building) is calculated
in TRNSYS software.
The second model considers the outside and room air as inlet primary and inlet sec-
ondary stream, respectively. The cooling due to ventilation is set to be zero in TRNSYS
software because it is already included in INSEL software. The schematic of this model
is shown in Figure (5.2).
The results show that rst model of IEAC behaves technically better than the second
model [111]. Figure (5.3) shows the psychometric process for both models at ambient
temperature of 35C and 22C. Even the new model behaves technically better but it's
still not sucient to work at peak cooling load.
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Figure 5.1: First Model of IEAC
Figure 5.2: Second Model of IEAC
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Figure 5.3: Psychometric Chart of First and Second Model at Ambient Temperature
of 35C and 22C
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5.2 Mathematical Model
Indirect Evaporative and Storage Unit (IESU) consists of IEAC and PCM heat ex-
changer, as shown in Figure (5.4). This model is treated as a forced convection prob-
lem.
Figure 5.4: Indirect Evaporative and Storage Unit Model
5.2.1 Indirect Evaporative Air-Conditioning
The outlet temperatures for both primary and secondary air at each time step i can
be calculated from the following equations [110];
Tpo;i = Tpi;i   "  (Tpi;i   Tsi;i)
Tso;i = Tsi;i   "  (Tpi;i   Tsi;i) (5.2)
where;
" : heat exchanger eectiveness (%).
Tpi : inlet temperature of primary air (
C).
Tpo : outlet temperature of primary air (
C).
Tso : outlet temperature of secondary air (
C).
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Eectiveness in equations (5.2) is independent of exchanger temperatures. For cross
ow heat exchanger (unmixed) the dimensionless exchanger heat transfer eectiveness
is computed from equation 4.1 on page 55.
Then; cooling capacity at each time step i can be calculated from the following equation
[3];
_QIEAC;i = _m  Cp  (Tpi;i   Tpo;i) (5.3)
where;
_QIEAC : IEAC cooling capacity (kJ/s).
_m : air ow rate (kg/s).
Cp : air specic heat (kJ/kg.K).
5.2.2 PCM Heat Exchanger
The schematic of the heat exchanger lled with PCM is shown in Figure (5.5). The air
ows through the passages between PCM layers. The thermal losses through the outer
wall of the PCM heat exchanger are negligible.
Figure 5.5: Heat Exchanger Model
PCM heat exchanger is modeled as rectangular corrugated at tube with constant
airow temperature in Y-direction. The air temperature in X direction is varied through
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over the year every 6 minutes. PCM is initially solid and its temperature is assumed
at ambient temperature. The capacity of the PCM heat exchanger at each time step i
is given by [53];
_Qp;i = p  P  L  (Ta;i   Tpcm;i) (5.4)
where;
_Qp : PCM heat exchanger capacity (kJ/s).
Ta : air temperature (
C).
P : heat exchanger perimeter (m).
L : heat exchanger length (m).
Tpcm : PCM temperature (
C).
p : ctive convective heat transfer coecient (W/m
2K).
The ctive convective heat transfer coecient depends on the geometry of the heat
exchanger, the airow and perimeter of the exposed material. It can be calculated
from the following formula [53];
p =





P  L (5.5)
where;
 : air velocity (m/s).
A : cross sectional area (m2).
 : air density (kg/m3).
U : heat transfer coecient between middle of the PCM and air (W/m2K)
The physical properties of PCM that used in this research are presented in Table (5.1).
Table 5.1: PCM Physical Properties [9]
Latent heat of fusion () 175 kJ/kg
Specic heat (Cp) 2 kJ/kg.K
Thermal conductivity (k) 1 W/m.K
Density () 671 kg/m3
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5.2.3 Indirect Evaporative and Storage Unit
The schematic of IESU model is shown in Figure (5.6). This unit will be optimally
designed from both technical and economic point of view.
Mathematical model for IESU has been developed. This mathematical model is based
on the phase change process involving either melting or solidication. A change of
material phase refers to change of material state between the phases solid and liquid.
The heat absorbed or released as a result of phase change is referred to as latent heat.
This change of phase occurs at constant temperature called melting temperature (Tm).
The heat absorbed or released, at time step i, can be calculated from the following
equation;
_Qp;i = pA(Ta;i   Tpcm;i) (5.6)
where;
_Qp : PCM heat exchanger capacity (kJ/s).
p : ctive convective heat transfer coecient (W/m
2.K).
A : heat exchanger area (m2).
Tpcm : PCM temperature (
C).
Ta : air temperature (
C).
If PCM temperature doesn't equal the melting temperature, that means sensible heat
will be absorbed or released. In this case PCM temperature will change accordingly
until reaching the melting temperature. The new PCM temperature (Tpcm;i+1) can be
calculated from the following equation in this case;
Tpcm;i+1 = Tpcm;i +
_Qi
_mCp;pcm
; Tpcm;i 6= Tm (5.7)
If PCM temperature is equal the melting temperature, That means only latent heat will
be absorbed or released. In this case PCM temperature will not change (i.e Tpcm;i+1
= Tpcm;i) until reaching the maximum capacity of PCM. Maximum latent heat stored
can be calculated as follows;
Qmax = m ; Tpcm = Tm (5.8)
where;
Qmax : maximum latent heat stored during transition state (kJ).
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m : PCM mass (kg).
 : latent heat of fusion (kJ/kg).






h : heat transfer coecient (W/m2K).
Nu : Nusselt number.
k : thermal conductivity (W/m.K).
Dh : hydraulic diameter (m).







Re : Reynolds number.
Pr : Prandtl number.
L : heat exchanger length (m).
IESU software module has been developed by using Visual Basic 6. This software
simulates IESU performance every 10 minutes during the whole year. IESU's software
is easy to use, contains 24 inputs and 59 outputs, as shown in Appendix. The user can
chose the output styles which are save data to le or plot output data or view output
data directly in the software screen. Furthermore, The hourly output temperatures at
dierent locations can be monitored. These temperatures are Tpi, Tpo, Tsi, Tso, Ts,
Tpcm. Moreover, in order to facilitate the optimization analysis the user can select 8
parameters and do multi-simulations for 8 parameters (Le, We, te, Lp, Wp, tp, _m, Tm).
Flow chart of the IESU simulation software is shown in Figure (5.7).
IESU has four modes of operation namely; cooling by PCM plus IEAC, cooling by
PCM, charging and OFF mode, as shown in Figure (5.7).
Once rst mode (cooling by PCM plus IEAC) happens dampers number 6, 8 and 10
will be opened automatically where both dampers 7 and 11 will be closed, as shown in
Figure (5.8). Moreover, both primary and secondary air fans will be operated.
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Figure 5.7: Sequence of Operation
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In case secondary air temperature is higher than primary air temperature (i.e IEAC is
adding heat to the primary air), the air will pass only by PCM heat exchanger while
IEAC fan will be o. In this case both dampers 6 and 10 will be opened while dampers
7, 8 and 11 will be closed automatically, as shown in Figure (5.6). The secondary air
fan will be switched o.
In charging mode, the secondary air fan will be switched on while the primary fan
will be switched o. Furthermore, dampers 7 and 11 will be opened and dampers 6,
8 and 10 will be closed, as shown in Figure (5.9). This mode will occur once there is
no cooling load demand and availability of good weather conditions to operate IEAC.
This will be a good chance to store cooling energy in PCM for later use.
The last mode is OFF which will happen in three cases. The rst case when IESU
supplies temperature higher than leaving temperature from the building. The second
when there is no cooling demand and PCM temperature is lower than secondary air
temperature. That means IEAC will increase PCM temperature. The last case will be
once there is no cooling load and PCM temperature is less than 13C. This temperature
insures that supply air temperature to the building will not be too cold [113].
The supply temperature from this unit to the building at each time step i is calculated
with the following equation;





Ts : supply temperature (
C).
A : cross sectional area (m2).
The running cost of IESU is the summation of the water cost, primary and secondary
fans electricity cost. The fan power required is estimated from equation 4.13 on page 61.
The water consumption of IESU can be calculated from the following equation;
mw = 3600 _m(wsi   wamb)t (5.12)
where;
_m : air ow rate (kg/s).
wsi : humidity ratio at inlet secondary air conditions (kgw/kga).
wamb : humidity ratio at ambient conditions (kgw/kga).
t : time period (hour).
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Figure 5.8: IESU's Cooling Mode
Figure 5.9: IESU's Charging Mode
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5.3 Thermal Analysis
Energy storage components improve the energy eciency of IESU by reducing the
mismatch between supply and demand. There are eight parameters highly aect the
performance of IESU namely; PCM melting temperature (Tm), PCM heat exchanger
thickness (tp), PCM heat exchanger length (Lp), PCM heat exchanger width (Wp),
IEAC heat exchanger thickness (te), IEAC heat exchanger length (Le), IEAC heat
exchanger width (We), owrate ( _V ). The range of investigated parameters are shown
in Table (5.2).
Table 5.2: Range of Investigated Parameters
Parameter Quantity Unit
Tm 14 - 26
C
Default 20 C
tp 0.002 - 0.018 m
Default 0.005 m
Lp 0.2 - 0.8 m
Default 0.8 m
Wp 0.2 - 0.8 m
Default 0.5 m
te 0.002 - 0.01 m
Default 0.005 m
Le 0.2 - 0.8 m
Default 0.8 m
We 0.2 - 0.8 m
Default 0.5 m
_V 200 - 800 l/s
Default 540 l/s
5.3.1 PCM Melting Temperature
In order to nd optimum design of PCM melting temperature, two heat transfer pro-
cesses have to be taken into consideration. The rst is the heat transfer from primary
air to PCM. This heat transfer will increase as the melting temperature decreases. The
second is the heat transfer from secondary air to PCM; as the melting temperature
decreases the heat transfer from secondary air decreases. Therefore; an optimum has
to be selected to gain more useful energy as well as increase charging period. Several
heat exchanger sizes are simulated at dierent melting temperature and presented in
Figure (5.10). It is clear from Figure (5.10) that the optimum melting temperature is
20C at any heat exchanger dimensions.
77
5. Indirect Evaporative and Storage Unit
Figure 5.10: Eect of PCM Melting Temperature on Annual Cooling Load
5.3.2 Heat Exchanger Thickness
The eect of heat exchanger thickness, distance between plates, has been investigated
through repeated simulations. Figure (5.11) shows that the annual cooling load is in-
creased as distance between plates increased for both IEAC and PCM heat exchangers.
This is due to decreasing number of modules.
Figure 5.11: Eect of Heat Exchanger Thickness on Annual Cooling Load
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5.3.3 Heat Exchanger Width
Figure (5.12) shows the eect of heat exchanger width on annual cooling load. As
both IEAC and PCM heat exchangers' width is increased the annual cooling energy
decreased. This is due to increasing the eective heat transfer area.
Figure 5.12: Eect of Heat Exchanger Width on Annual Cooling Load
5.3.4 Heat Exchanger Length
The annual cooling load is decreased as both Lp and Le increased due to increasing the
number of modules, as shown in Figure (5.13).
It can be concluded from Figures (5.12 and 5.13) that the eect of heat exchanger
length is more than it's width. Actually this is because the heat transfer area is equal
to quadratic length multiply by number of modules.
5.3.5 Volumetric Flowrate
The impact of volumetric owrate ( _V ) is also investigated for dierent heat exchanger
size. The results are shown in Figure (5.14). The results show that after volumetric
owrate of 500 l/s the cooling load is slightly decreased.
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Figure 5.13: Eect of Heat Exchanger Length on Annual Cooling Load
Figure 5.14: Eect of Volumetric Flowrate on Annual Cooling Load
5.4 Economic Optimization
Traditional air-conditioning with annual electricity consumption of 2,367 kWh is needed
to cover the current annual cooling load. This costs around 201 eannually.
In order to cover current cooling load, from technical point of view, IESU with initial
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cost of 5,671 eis needed. The dimension of IESU is (Lp = Le = Wp = We = 0.8 m, tp
= te = 0.002 m, _V = 800 l/s, Tm = 20
C). The annual running cost is more than the
annual energy saving. That means this size isn't economically feasible.
Simulation has been done for more than 6,000 cases; each case has dierent IESU's
size. Then Life Cycle Cost (LCC) equation has been built which equals to;
LCC = (auxiliary system cost + maintenance cost for auxiliary system - auxiliary
system salvage cost) + (IESU cost + IESU maintenance cost - IESU salvage cost) +
base cost + (annual auxiliary energy cost - annual cost of saved energy due to IESU +
IESU running cost) or;
LCC = Caux:;c( _V ; Lp; Le;Wp;We; tp; te; Tm)[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + Cb
+ Caux:;h[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + CIESU ( _V ; Lp; Le;Wp;We; tp; te; Tm)
[1 + fmPWF   fsalv( 1 + i
1 + r
)N ] + [Qaux:;c(0; 0; 0; 0; 0; 0; 0; 0)








Cb : base cost (e).
CIESU : IESU cost (e).
Caux:;c : auxiliary cooling system cost (e).
Caux:;h : auxiliary heating system cost (e).
Qaux:;c (0,0,0,0,0,0,0,0) : annual auxiliary cooling energy consumption after applying
optimum passive design techniques and ERS (kWh).
Qaux:;h : annual auxiliary heating energy consumption after applying optimum passive
design techniques and ERS (kWh).
QIESU : annual cooling energy saved due to IESU (kWh).
Qr:e : annual running energy due to ERS (kWh).
fm: maintenance fraction (%)
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fsalv: salvage fraction (%).
i : ination rate (%).
r : interest rate (equivalent to discount rate) (%).
N : life time (Years).
pe : electrical energy price (e/kWh).
aux: : auxiliary heating system eciency (%)
pd : thermal energy price (e/kWh).
COP : auxiliary cooling system Coecient Of Performance.
LCC is subjected to nine constrain equations as follows;
z = CIESU ( _V ; Lp; Le;Wp;We; tp; te; Tm) (5.15)
14  Tm  26 (5.16)
0:002  tp  0:018 (5.17)
0:2  Lp  0:8 (5.18)
0:2 Wp  0:8 (5.19)
0:002  te  0:01 (5.20)
0:2  Le  0:8 (5.21)
0:2 We  0:8 (5.22)
200  _V  800 (5.23)
LCC results at dierent IESU's sizes are calculated and presented in Figure (5.15). The
minimum LCC occurred at IESU's size of (Le = 0.6 m, We = 0.8 m, Wp = Lp = 0.4
m, tp = 0.014 m, te = 0.006 m, _V = 400 l/s, Tm = 20
C). This IESU's optimum size
is sucient to save 80.03% of the annual cooling energy. LCC is reduced by 2.66%.
Payback Period (PbP) of each unit size is calculated and plotted in Figure (5.16). PbP
of IESU's optimum size is 7.8 years. The initial cost is about 1,195 e. The annual
electricity consumption (primary and secondary fans) is 443 kWh. Since Jordan is one
of the ten most water-deprived countries in the world; the water consumption of IESU
should be considered. The calculation yields that the annual water consumption is
about 16.54 m3. Therefore; the payback period of IESU from energy saving occurred
due to replacing electricity-driven air-conditioning is 7.8 years.
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Figure 5.15: LCC at Dierent IESU's Sizes
Figure 5.16: PbP at Dierent IESU's Sizes
The hourly energy behavior during the peak load day (July, 2) for the optimum size
is shown in Figure (5.17). The Figure at top shows the hourly cooling load before and
after installing IESU for three sequent days; the peak day, one day after and one day
before the peak load day. Figure at bottom illustrates the charging, discharging and
stored energy in PCM proles for the same period. It is clear from this Figure that
IESU will store cooling energy to use it whenever there is cooling load and IEAC isn't
sucient to cover the required cooling load.
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5.5 Software Module Verication
IESU software module aims to simulate the hourly performance of cold storage in PCM
as well as the hourly cooling supply to the building. The source of cold is cheap source
comes from IEAC. It may be interesting to investigate the performance of at plate
heat exchanger and IEAC and compare it to available softwares.
Eectiveness of dierent at plate heat exchanger dimensions are simulated by Klin-
genburg software and IESU software. Klingenburg software is based on a theoretical
approach as well as on internal measurements. Thus the results can be considered as
real at plate heat exchanger performance [114]. Formulas for Nusselt numbers are
corrected according to the measurements results. The results show that the maxi-
mum percentage of error is 1.6% while the average percentage error between real at
plate heat exchanger eectiveness and theoretical eectiveness is 0.4%. On the other
hand, there are many points typically give the same eectiveness of real at plate heat
exchanger. Some of eectiveness results are presented in Figure (5.18). This Figure
presents the eectiveness of at plate heat exchanger with 800 mm length, 500 mm
width and 9 mm plate thickness (Figure at top) and at plate heat exchanger with 500
mm length, 500 mm width and 9 mm plate thickness (Figure at bottom).
The dierence between IESU software results and Klingenburg real case is a result of the
plate geometry especially surface enlargement factor, which has inuence on the ow
conditions, Nusselt numbers and eciencies. As well as Nusselt numbers correlation
itself.
A comparison of annual cooling load due to IEAC by both INSEL and IESU softwares
has been done. As may seen in Figure (5.19), good agreement is obtained with INSEL
software. The error ranges between (0.54 - 7.31)%. The average error occurred is
3.63%. This error could happen because of dierent Nusselt number correlation which
will aect the heat transfer between air streams.
Another comparison of annual water consumption has been done and plotted in Figure
(5.20). This comparison has been done between IESU and INSEL softwares. The
percentage of error doesn't exceed 7.29%. The average in percentage of error is 5.01%.
The dierences between these two softwares happen due to the dierences in annual
cooling load.
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Figure 5.17: Performance of IESU's Optimum Size at Peak Period
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Figure 5.18: Comparison of Eectiveness Between Klingenburg and IESU Softwares
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Figure 5.19: Comparison of Annual Cooling Load Between INSEL and IESU Softwares




Comparison Between Europe and
Mediterranean Climate Zones
This chapter compares the feasibility of all discussed systems in previous chapters in
three dierent climates. Two locations have been selected from Middle East and one
from Europe.
6.1 Design Conditions
The climate of Jordan is predominantly of the Mediterranean type. It is marked by
sharp seasonal variations in both temperature and precipitation. Climate can be cold
to very cold in Winter and warm to hot in Summer. Two climate zones have been
selected in Jordan; Amman capital of Jordan and Aqaba located South of Jordan.
Aqaba city is characterized by very hot and dusty weather in Summer; Summer temper-
atures rise above 46C [4]. Winter is mild therefore there is little need for heating with
extremely little amount of precipitation. The mean annual daily average temperature
is estimated at around 24.1C [4].
In Amman, Summer starts around mid of May and Winter starts around mid of Novem-
ber, with two short transitional periods in between (autumn and spring). In Summer,
high temperatures reach 35C on most days in June, July and August [4]. Nights
are comfortable with average low temperatures of 14.4C in June, 14.7C in July and
14.8C in August [4]. Amman gets absolutely no rainfall during an average Summer.
Winter is Amman's wettest season. The coldest month in Winter is January. Frosty
mornings are common in Amman and snow falls once or twice during the season.
The city of Berlin stands on the eastern side of Germany and enjoys characterized by
mild Summer weather. The maximum temperature in Summer is 30.3C in August [4].
Berlin is also characterized by its cold Winter. December, January and February are
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the coldest during the year. The lowest temperature in Winter is -11.5C in December
[4]. The annual daily average temperatures in Berlin is around 8.8C [4].
The demand for both heating and cooling is strongly inuenced by the outdoor air
temperature and global solar radiation on horizontal plate around the building. These
data are listed in Table (6.1) for dierent locations [4].
Table 6.1: Daily Average Weather Data for Dierent Location
Amman Aqaba Berlin
Month Tdb Gh Tdb Gh Tdb Gh
C kWh/m2 C kWh/m2 C kWh/m2
Jan. 6.5 2.9 15.5 3.5 -2.3 0.6
Feb. 7.5 3.5 17.0 4.0 0.6 1.0
Mar. 12.3 4.7 21.0 5.1 4.0 2.5
Apr. 15.0 5.7 22.3 5.7 7.9 3.5
May 19.7 6.9 27.8 6.8 14.4 4.9
June 23.4 7.6 30.1 7.4 15.8 5.4
July 24.6 7.7 31.8 7.5 17.1 5.4
Aug. 24.3 7.2 30.4 7.1 19.0 4.8
Sep. 23.2 5.8 28.5 6.0 14.5 3.1
Oct. 20.6 4.8 26.0 5.1 10.2 1.7
Nov. 15.4 3.4 22.7 3.8 4.9 0.8
Dec. 9.1 2.8 15.7 3.2 -0.1 0.5
Average 16.8 5.2 24.1 5.4 8.8 2.8
An optimization of passive solar systems, Energy Recovery System (ERS) and Indirect
Evaporative and Storage Unit (IESU) is estimated using economic gures from local
markets for each location using Life Cycle Cost (LCC) criterion. The estimation costs
of these systems in addition to conventional energy systems do involve some basic
assumption which can be summarized as follows:
- The life span of the building, auxiliary heating system and all passive systems used
in this work is assumed to have 30 years. The auxiliary cooling used in this work
is assumed to have life span of 10 years.
- The ERS and IESU are assumed to have a 15 years life span.
- According to Jordanian market the ination rate is around 8.9% and the interest rate
is about 6.25% as mentioned by Central Bank of Jordan (CBJ). Thus, Present
Worth Factor, PWF, which is a function of interest rate and ination rate is 44.96
and 11.48 at 30 and 10 years, respectively.
- According to German market the ination rate is around 1.90% and the interest rate
is about 1.00% as mentioned by Deutsche Bundesbank. Thus, Present Worth
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Factor, PWF, which is a function of interest rate and ination rate is 34.52 and
10.50 at 30 and 10 years, respectively.
- The auxiliary heating system has an eciency of 65% in all locations.
- The auxiliary cooling system has Coecient of Performance (COP) of 3 in all loca-
tions.
- The salvage factor is set at 10% of the capital cost for heating auxiliary system as
well as ERS and IESU. on the other hand, it assumed to be 6% of the capital
cost for auxiliary cooling system in all locations.
- Maintenance factor for the auxiliary heating and cooling systems is assumed to be
15%, and 10% of the capital cost, respectively in all locations.
- The ERS and IESU are assumed to have a 6% maintenance factor.
- Current fuel price is 0.455 e/l where the electricity price is 0.085 e/kWh in Jordan
[95].
- Current fuel price is 0.653 e/l [115] where the electricity price is 0.250 e/kWh [116]
in Germany.
6.2 Passive Solar Design
Windows' size and type, Trombe wall and thermal insulation thickness in both ceil-
ing and walls will be optimized technically and economically in three climate zones;
Amman, Aqaba and Berlin. The optimum size of all parameters will be done by Life
Cycle Cost (LCC) economic criterion. Numerical method based on Generalized Re-
duced Gradient (GRG) method will be used to nd the design parameters at minimum
LCC. Moreover, Payback Period (PbP) will be calculated beside LCC criterion.
6.2.1 Windows' Optimization
Window's performance in terms of energy eciency can be assessed mainly by looking
at its U-value and Solar Heat Gain Coecient (SHGC) [117]. U-value indicates the
rate of heat ow due to conduction, convection, and radiation through a window as a
result of a temperature dierence between the inside and outside. The higher U-value
the more heat is transferred. SHGC indicates how much of the sun's energy striking
the window is transmitted through the window as heat. As the SHGC increases, the
solar gain potential through a given window increases.
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Load due to conduction and convection can be calculated every hour from the following
formula [97];
Qconv:;cond: = U A  4T  4t (6.1)
where;
U : overall coecient of heat transfer (kWh/m2K).
A : window area (m2).
4T : total equivalent temperature dierence, which takes into consideration the in-
crease of wall temperature due to absorbtion of solar radiation (C).
4t : length of the time step (hour).
Load due to solar transmission and radiation can be calculated every hour from the
following formula [97];
Qtr: = SC  SHGC  CLF A  4t (6.2)
where;
SC : Shading Coecient.
SHGC : Solar Heat Gain Coecient (kW/m2).
CLF : Cooling Load Factor.
Four window types have been investigated as well as windows' size by using TRNSYS
software [7]. Four dierent types of windows are selected; single, double-Low, double-
High and triple glazed. Windows' thermal characteristics are presented in Table (6.2).
Table 6.2: Thermal Characteristics of Windows (15% frame (U = 2.27 W/m2K))
Single Glazed Double Glazed L Double Glazed H Triple Glazed
Ug 5.68 2.83 1.4 0.68
Uframe 2.27 2.27 2.27 2.27
SHCG 0.855 0.775 0.589 0.407
Rf -sol 0.075 0.126 0.266 0.231
T-vis 0.901 0.817 0.706 0.625
gas ll - Air Argon Krypton
where Rf -sol is solar reectance of outer surface of glazing system and T-vis is visible
transmittance of the window.
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The Annual heating energy versus windows' area for dierent window types is presented
in Figures (6.1, 6.2 and 6.3) for Amman, Aqaba and Berlin.
It is obvious from these Figures that the eect of decreasing windows' U-value is decreas-
ing the annual heating energy in Amman, Aqaba and Berlin climate zones. Moreover,
the highest annual heating energy is occurred at North facade for all locations due to
low solar incident radiation at this facade. The lowest annual heating energy occurred
at South facade in Amman, Aqaba and Berlin. This is due to high solar incident
radiation at this facade as compared with other facades.
For single glazed windows, the annual heating energy is linearly increased as windows'
area increased in all regions. That means this type of windows isn't sucient energet-
ically to be installed for heating purpose. This is due to high windows' U-value.
For double glazed-Low windows, the annual heating energy for all regions at North
facade is always increased as windows' area increased. The heating load for South,
East and West facades is decreased at the beginning then it is increased as windows'
size increased in both Amman and Aqaba climate zones, as shown in Figures (6.1
and 6.2). In Berlin, the annual heating energy is linearly increased as windows' area
increased, as plotted in Figure (6.3). The optimum windows' area in Amman is 40%
for both South and East facades, 10% for North facade and 20% for West facade. The
optimum size in Aqaba is 20% for both West and East facades, 10% for North facade
and 30% for South facade. In Berlin, double glazed-Low doesn't show any sucient
decreasing in annual heating energy. This is due to very low ambient temperature in
Winter.
For double glazed-High windows, the annual heating energy in all climates tends to
decrease at the beginning then increase except at North facade which linearly increases
as windows area increase. The optimum windows area in Amman, as shown in Figure
(6.1), is 70% for both South and West facades where it is 10% and 80% for North
and East facades, respectively. The thermal heat losses through windows become more
than solar gain after these optimum percentages. This is happened when ambient
temperature is lower than room temperature during Winter time that leads to increase
the thermal heat losses. In Aqaba, the optimum windows area is 80% for South and
West facades where it is 90% for East facade and 10% for North facade, as shown in
Figure (6.2). For Berlin climate zone, Figure (6.3) shows that optimum windows area
is 10% for East and North facades and it's 40% and 30% for South and West facades,
respectively.
In case of using triple glazed windows, heating load tends to decrease as windows'
area increase in all climate zones, till reaching the optimum windows' size, then it is
increased except at North facade. It is shown from Figure (6.1) that the optimum
windows' size in Amman is 10%, 90%, 90% and 90% for North, South, East and West
92
6. Comparison Between Europe and Mediterranean Climate Zones
Figure 6.1: Eect of Windows' Type and Size on Heating and Cooling Load in Amman
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Figure 6.2: Eect of Windows' Type and Size on Heating and Cooling Load in Aqaba
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Figure 6.3: Eect of Windows' Type and Size on Heating and Cooling Load in Berlin
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facades, respectively. The optimum windows' size in Aqaba is occurred at 70% for both
South and West facades and at 10% and 60% for North and East facades, respectively
as shown in Figure (6.2). In Berlin climate zone the optimum can be achieved, as shown
in Figure (6.3), at 10% for both North and East facades and at 70% and 80% for West
and South facades, respectively.
Once windows' area at South facade is increased the opportunity of saving energy is
increased till optimum value is reached except for single glazed window in all climate
zones and for double glazed-Low windows in Berlin, as shown in Figures (6.1 and 6.2).
In these cases, the losses increase as windows' area increase due to high windows'
U-value.
For East and West facades, good opportunity of energy saving can be achieved in triple
and double glazed-High in all climate zones except double glazed-High in Berlin. On
the other hand, the energy saving at West facade is slightly higher than East facade in
Aqaba and Berlin. In Amman, East facade achieved higher energy, as shown in Figure
(6.1. This is due to high temperature after mid-day than before mid-day which is the
opposite in Amman.
The annual cooling energy versus windows' area for dierent windows' types is presented
in Figures (6.1, 6.2 and 6.3) for Amman, Aqaba and Berlin. These results show that
the annual cooling energy is slightly decreased as windows' U-value decreased for all
locations. This is because of windows with low U-value conduct less energy from outside
to inside building during hot Summer months. On the other hand, it is avoid the heat
conduction from outside to inside the building when ambient temperature is less than
room temperature during Summer night.
The annual cooling energy increases linearly as windows' area increase. This is due
to the negative eect of solar radiation in Summer. That means the better solution
to avoid high cooling energy is blocking the windows. On the other hand, windows'
area decrease the heating energy in Winter and it should be existing to avoid articial
lighting and provide occupants with minimum level of comfort according to building
codes and standards [100; 101]. Thus, in order to take best decision all above factors
have to be taken into consideration as well as windows' cost.
Concerning Summer performance, the main argument against lower windows' U-value
is the overheating and unwanted gains to the room. It is concluded from the simulation
results that the peak energy demand is increased as windows U-value decreased. Thus,
shading device has to be used at South facade to achieve Summer comfort.
Figure (6.2) and Figure (6.3) show that in Aqaba and Berlin, the cooling energy at
West facade is more than at East facade. This is because of the ambient temperature
and the solar radiation after mid-day is more than before mid-day.
Optimum windows' size at dierent windows' type are calculated by using LCC in
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three climate zones. The objective function and constrain equations are discussed in
Section (3.4.2). The results are presented in Table (6.3)
Table (6.3) shows that double glazed-Low windows are cost eective in both Amman
and Aqaba. Windows' size of 10% at North facade, 30% at South facade, 20% at East
facade and 10% at West facade achieve the minimum LCC in Amman. PbP of extra
investment from annual saving is about 14 years. The optimum windows' size in Aqaba
region are 10% at North facade, 10% at South facade, 10% at East facade and 10% at
West facade. PbP is a little bit high which equal to 21 years.
In fact, double glazed-High and triple glazed windows are not existing in Jordanian
market. The windows' price is estimated according to German market plus transporta-
tion costs. In future if these products are locally manufactured or exported in large
amounts the initial cost will be reduced by 40% which will directly aect on its economic
feasibility through the whole life of the building.
For Berlin climate zone, double glazed-High windows of 10% at North facade, 10% at
South facade, 10% at East facade and 10% at West facade is the optimum case, as
shown in Table (6.3). PbP is considered as reasonable value which is 11 years.
The lower PbP in Berlin as compared with Amman and Aqaba is due to lower interest
and ination rate in Berlin in addition to higher energy saving achieved and lower
window's cost.
6.2.2 Thermal Insulation and Trombe Wall Optimization
Thermal insulation thickness in ceiling (tc), thermal insulation thickness in wall (tw)
and Trombe wall area ratio (a) have been optimized by using LCC. The objective
function and constraint equations are discussed in Section (3.7).
The outcomes show that Trombe wall system has a considerable benet in Amman and
Berlin climates while in Aqaba it doesn't have any economic eect due to low heating
demand in this climate. The economic results are summarized and listed in Tables (6.4,
6.5 and 6.6).
The optimum size for thermal insulation and Trombe wall from thermal and economic
point of view is (Uw = 0.123 W/m
2K, Uc = 0.143 W/m
2K, a = 36.59%) in Amman
while it is (Uw = 0.11 W/m
2K, Uc = 0.18 W/m
2K, a = 45.73%) in Berlin. The optimum
design has reduced LCC by 13.55% in Amman whereas in Berlin LCC has reduced by
22.30%. On the other hand, CO2 emission will be reduced annually by 41% and 49.3%
in Amman and Berlin, respectively.
In Aqaba, the optimum LCC occurs at (Uw = 0.10 W/m
2K, Uc = 0.18 W/m
2K, a =
0%) which has reduced LCC by 10.45%. The annual energy saving achieved is 25.31%.
Annual CO2 emissions will be reduced by 26.1%.
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6. Comparison Between Europe and Mediterranean Climate Zones
6.3 Energy Recovery System
The energetic, economic and environment eect of ERS have been investigated for
typical residential building located in three climate zones; Amman, Aqaba and Berlin.
Hour-by-hour energy performance of ERS has been studied and analyzed. Then, a
complete economic equation of LCC has been built and optimized as a function of
economic and thermal parameters according to each region.
The percentage of annual energy saving in three climate zones due to ERS is calculated
at dierent heat exchanger areas, as shown in Figure (6.4). The outcomes show that
ERS is feasible in the selected climate zones. From technical point of view ERS can
cover up to 18%, 21% and 69% in Aqaba, Amman and Berlin climate zones, respectively.
ERS in Berlin (cold climate) most eective due to high temperature dierence between
indoor and outdoor.
Figure 6.4: Energy Saving due to ERS in Dierent Climate Zones
Optimum heat transfer area is calculated by using LCC in three climate zones. The
objective function and constrain equations are discussed in Section (4.3). ERS initial
cost, annual auxiliary energy (heating and cooling) and LCC are presented in Figure
(6.5).
The results show that minimum LCC over 30 years is occurred at heat transfer area of
11.2 m2, 26.56 m2 and 7.2 m2 in Amman, Berlin and Aqaba, respectively. LCC of the
building, after applying appropriate passive design techniques in addition to introducing
ERS, is reduced from the basic case by 17%, 13.86% and 34.52% in Amman, Aqaba
and Berlin, respectively. On the other hand, PbP from energy saving occurred is 7.4
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Figure 6.5: LCC in Dierent Climate Zones
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years in Amman, 2.1 years in Berlin and 8.5 years in Aqaba.
6.4 Indirect Evaporative and Storage Unit
Recently thermal energy storage with PCM has become a topic with a lot of interest.
Energy storage not only reduces the mismatch between supply and demand but also
improves the performance and reliability of energy systems and plays an important role
in conserving the energy [118]. IESU is an eective system of storing thermal energy
and has the advantages of high-energy storage density and the isothermal nature of the
storage process as discussed in Chapter (5). The performance study of IESU is based
on theoretical model of the PCM employed to analyze the transient thermal behavior
of the storage unit during the charge and discharge periods.
In Berlin climate zone, the optimum design of PCM melting temperature (Tm) is 18
C
at any heat exchanger dimensions as shown in Figure (6.6).
Figure 6.6: Eect of PCM Melting Temperature on Annual Cooling Load in Berlin
The optimum design of PCM melting temperature (Tm) in Aqaba is 20.5
C, as shown
in Figure (6.7), but according to market Tm = 20
C is assumed at any heat exchanger
dimensions . This melting temperature is the same as melting temperature in Amman
as explained in Section (5.3.1).
Simulation has been done for more than 6,000 cases; each case has dierent IESU's size
in order to nd IESU's optimum size. In Amman climate zone, IESU of (Lp = Le =
Wp = We = 0.8 m, tp = te = 0.002 m, _V = 800 l/s, Tm = 20
C) is needed to cover
current cooling load, as discussed in Section (5.4). IESU costs about 5,671 e. In this
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Figure 6.7: Eect of PCM Melting Temperature on Annual Cooling Load in Aqaba
size the annual running cost is more than the annual energy saving. That means this
size isn't economically feasible.
Optimum size of IESU in Aqaba is the same in Amman from technical point of view.
Thermal performance of technical optimum size in Aqaba is shown in Figure (6.8). It is
clear from the output results that the energy saving is 85.43% from the annual cooling
load.
Figure 6.8: Thermal performance of technical optimum size in Aqaba
In Berlin, IESU of (Le = We = 0.8, Lp = Wp = 0.6, tp = te = 0.002 m, _V = 800 l/s,
Tm = 18
C) is needed technically to cover the annual cooling load. The initial cost
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needed is 4,542 e. This size isn't economically feasible because the annual running cost
is more than the annual energy saving.
Optimum IESU's size is calculated by using LCC in three climate zones. The objective
function and constrain equations are discussed in Section (5.4). In Amman climate the
optimum IESU's size is (Le = 0.6 m, We = 0.8 m, Wp = Lp = 0.4 m, tp = 0.014 m,
te = 0.006 m, _V = 400 l/s, Tm = 20
C). This IESU is sucient to save 80.03% of the
annual cooling energy with additional cost of 1,195 e. PbP of this investment is 7.8
years. LCC is reduced by 2.66% as calculated in Section (5.4).
LCC at dierent IESU's size is plotted in Figure (6.9) for Berlin climate zone. IESU's
size of (Le = Lp = 0.4 m, Wp = 0.6, We = 0.8 m, tp = te = 0.01 m, _V = 400 l/s, Tm =
18C) is economically optimum size. The annual cooling energy saving is 84.60% while
the PbP of the initial cost (1,024 e) from the annual energy saving is 31.1 years. LCC
is reduced by 11.21%. The Life Cycle Saving during the building life span is 8,674 e.
Figure 6.9: LCC at Dierent IESU's Sizes in Berlin
LCC and PbP at dierent IESU's size in Aqaba is calculated and plotted in Figures
(6.10, 6.11). The optimum size of IESU is (Le = Lp = 0.4 m, We 0.8 m, = Wp = 0.6 m,
tp = 0.018 m, te = 0.004 m, _V = 400 l/s, Tm = 20
C). This optimum size is sucient
to save about 59.77% of the annual cooling load. The initial cost needed is 1,026 e.
LCC is reduced by 1.58% and PbP of the initial cost from the saving occurred is 8.9
years.
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Figure 6.10: LCC at Dierent IESU's Sizes in Aqaba





Introducing and promoting the concepts of architectural design (passive and climatic
design) and energy systems for residential buildings have been discussed in this research
for three climate zones. Moreover, a novel application of PCM for cooling purpose has
been designed, simulated and optimized. The main aims are reducing the energy con-
sumption as well as greenhouse gases to the environment without negatively aecting
the thermal comfort.
The results show that CO2 emissions can be reduced by 86.4%, 87.3%, 74.4%, if this
research is applied in Berlin, Amman and Aqaba climate zones, respectively.
7.1 Conclusions
In this research guidelines in feasibility of passive solar systems, Energy Recovery Sys-
tem (ERS) and Indirect Evaporative and Storage Unit (IESU) in residential building
were set. On the other hand, this work hasn't discussed before especially for Middle
East region.
The main ndings of this study are outlined as follows:
- Windows are like a knife has two sides; one is useful and the other is harmful.
- From economical point of view, double glazed-Low windows achieved minimum Life
Cycle Cost (LCC) in both Amman and Aqaba climate zones whereas double
glazed-High is the best choice for Berlin climate zone.
- Technically, triple glazed windows showed best performance than all other types but
it isn't economically feasible in all climate zones.
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- In future if double glazed-High and triple glazed windows are manufactured in Jordan
or exported in large amount the initial cost will be reduced by 40% which will
directly aect on its economic feasibility through the whole life of the building.
- The results showed that heating load is highly sensitive to windows size and type as
compared with cooling load. Also, it is shown that with a well-optimized glazed
window energy saving can be reached up to 21%, 20% and 24% for Amman,
Aqaba and Berlin, respectively.
- Trombe wall system doesn't reduce the maximum load but it reduces the annual
heating energy consumption.
- Literature showed that Trombe wall should be insulated for Summer cooling [119].
Thus, it is recommended to use roller shutters to prevent solar radiation from
entering the building and insulation curtains between glass and masonry wall layer
to avoid heat transfer to the building during Summer. Moreover, the foundation
area should be insulated in the usual way with rigid insulation board to reduce
heat loss from the Trombe wall to the foundation.
- In contrast, Legionnaires' disease is not a problem with IESU. Legionella growth is
relative to the temperature of water. The optimum growth is occurring at about
(37 - 41)C [120]. In this research IEAC operates with water temperatures less
than 24C where the legionella bacteria are not active. Moreover, heat exchanger
in Indirect Evaporative Air-Conditioning (IEAC) is designed with two discreet
air passages. Water and air are circulated over the secondary air passage of the
heat exchanger, while hot air passed through the primary air passage. The net
eect is air that was cooled without contacting water or increasing in moisture
content. Regularly maintaining, draining, cleaning and drying out of the indirect
evaporative cooling system coupled with water treatment should be sucient to
reduce the possibility of Legionella originating.
- Indirect Evaporative and Storage Unit (IESU) is a new application of latent heat
storage which can provide superior cooling while consuming less energy, reduced
global warming and heal the environment than traditional air-conditioning.
- Optimum size of IESU in Amman is (Le = 0.6 m, We = 0.8 m, Wp = Lp = 0.4 m, tp
= 0.014 m, te = 0.006 m, _V = 400 l/s, Tm = 20
C). This IESU's optimum size
is sucient to save 80.03% of the annual remaining cooling energy.
- Optimum size of IESU of (Le = Lp = 0.4 m, Wp = 0.6, We = 0.8 m, tp = te = 0.01 m,
_V = 400 l/s, Tm = 18
C) in Berlin, is sucient to reduce the annual remaining
cooling energy by 84.60%.
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- Optimum size of IESU in Aqaba is (Le = Lp = 0.4 m, We = 0.8 m, Wp = 0.6 m, tp
= 0.018 m, te = 0.004 m, _V = 400 l/s, Tm = 20
C). This IESU's optimum size
is sucient to reduce the remain specic energy consumption by 59.77%.
- At present prices, IESU is mainly restricted to research or demonstration projects
because its not competitive the traditional air-conditioning prices.
- In order to really identify the impacts of the amount of saving, the macro economic
analysis should be considered. Once this research is applied in one million residen-
tial buildings in the selected climate zones, the annual estimated thermal energy
saving will be about 23,421 GWh, 6,684 GWh and 633 GWh in Berlin, Amman
and Aqaba, respectively. On the other hand, the annual electrical energy saving
will be about 467 GWh in Berlin, 2,369 GWh in Amman and 4,688 GWh in
Aqaba. The annual avoided CO2 emissions are estimated to be about 5.7 MTon
in Berlin. In Aqaba, around 2.96 MTon CO2 emissions will be reduced annually.
Moreover, about 2.98 MTon CO2 emissions will be reduced annually in Amman.
- The payback period from the achieved saving is 18 years, 11 years and 8.6 years in
Amman, Aqaba and Berlin, respectively.
7.2 Recommendations
Much work remains to be done in this eld especially for Middle East region. However,
the following research topics are considered of value:
- Thermal and economic investigation of adding vacuum insulation to a typical resi-
dential building in Mediterranean climate zone.
- Install three IESU's in three existing passive residential buildings located in Amman,
Berlin and Aqaba. Then compare the simulation results with the experimental
results.
- Construct three typical residential buildings in Berlin, Amman and Aqaba climate
zones according to research ndings. Thereafter, monitor the thermal perfor-
mance of these buildings through over one year and compare the results with
simulation results.
- Research and development is needed to reduce IESU cost.
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IESU software module has been developed by using Visual Basic 6. The main purpose
of this software is simulating IESU performance every 10 minutes during the whole
year. IESU's software is easy to use, contains six menus, 24 inputs and 59 outputs.
These inputs and outputs are listed in Table (1).
Table 1: List of Inputs and Outputs
Symbol Unit Description
Input
Le m Length of heat exchanger Edge
We m Width of heat exchanger
te m Gap between PCM plates
tw;e m Wall thickness of HX
Kw;e W/m
2K Thermal conductivity of HX wall
Lp m Length of heat exchanger Edge
Wp m Width of heat exchanger
tp m Gap between PCM plates
tw;p m Wall thickness of HX
Kw;p W/m
2K Thermal conductivity of HX wall
Kpcm W/m.K Thermal conductivity of PCM
 kJ/kg Latent Heat of PCM
Cp;pcm kJ/kg.K Specic Heat of PCM
Tm
C Melting temperature of PCM
pcm kg/m
3 Density of PCM
F l/s Flow rate
a kg/m
3 Density of air
Cp;a J/kg.K Specic heat of air
a Ns/m
2 Dynamic viscosity of air
Continued on next page
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Table 1 { continued from previous page
Symbol Unit Description
Ka W/m.K Thermal conductivity of air
PFP kW Primary fan power
PFS kW Secondary fan power
Water Consumption m3 Water Consumption
Water Cost e/m3 Water Cost Rate
Output
Temperature multiplier W/K Temperature multiplier = p A
p W/m.K Fictive convective heat transfer coecient
Up W/m.K Overall heat transfer coecient air to PCM
Ue W/m.K Overall heat transfer coecient air to Air
NTU - Number of transfer units
" % Eectiveness of Heat Exchanger
Ne NO Number of modules
Ae m
2 Cross section area of gap for air for one module
Pe m Perimeter of heat exchanger module (for air gap)
Dhe m Hydraulic diameter of duct
Ahxm;e m
2 Heat transfer area per module
Ahx;e m
2 Total heat transfer area
Rw;e m
2.K/W Thermal resistance for HX wall
Pe Pa Pressure drop across heat exchanger
Np NO Number of modules
Vp m
3 Volume of PCM
Ap m
2 Cross section area of gap for air for one module
Pp m Perimeter of heat exchanger module (for air gap)
Dhp m Hydraulic diameter of duct
Ahxm;p m
2 Heat transfer area per module
Ahx;p m
2 Total heat transfer area
Rw;p m
2K/W Thermal resistance for HX wall
Pp Pa Pressure drop across heat exchanger
mpcm kg Mass of PCM
Qst;l;m kWh Max latent energy stored in PCM
Qs;pcm kWh/K Specic Heat of PCM
Rpcm m
2K/W Thermal resistance for PCM
Fe;m m
3/s Flow rate per module-IEAC
Fp;m m
3/s Flow rate per module-IESU
Continued on next page
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Table 1 { continued from previous page
Symbol Unit Description
e m/s Air velocity-IEAC
p m/s Air velocity-IESU
Ree - Reynolds number-IEAC
Rep - Reynolds number-IESU
Pre - Prandtl number-IEAC
Prp - Prandtl number-IESU
Nue - Mean Nusselt number-IEAC
Nup - Mean Nusselt number-IESC
he;a W/m
2K Mean heat transfer coecient-IEAC
hp;a W/m
2K Mean heat transfer coecient-IESU
Re;a m
2K/W Thermal resistance for air-IEAC
Rp;a m
2K/W Thermal resistance for air-IESU
Fp;m m
3/s Flow rate per module
p m/s Air velocity
Rep - Reynolds number
Prp - Prandtl number
Nup - Mean Nusselt number
hp; a W/m2K Mean heat transfer coecient
Rp; a W/m2K Thermal resistance for air
Electricity Cost e/kWh Electricity unit rate
FPC kWh Fan power consumption
Total CEP Hrs Hr Total cooling hours by IEAC and PCM heat exchanger
Total CPO Hrs Hr Total cooling hours by PCM heat exchanger
Total CHR Hrs Hr Total charging hours
Total OFF Hrs Hr Total hours in OFF mode
IEAC Cost e IEAC initial cost
Fans Cost e Fans initial cost
PCM Cost e PCM initial cost
Control Cost e Control initial cost
IEAC HX Cost e IEAC heat exchanger initial cost
Actuators Cost e Actuators initial cost
PCM HX Cost e PCM heat exchanger initial cost
Structure Cost e Structure initial cost
Total Initial Cost e -
Total operating cost e Cost of electrical and water consumption
Continued on next page
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Table 1 { continued from previous page
Symbol Unit Description
PbP Years Payback Period
RemCL kWh Remaining cooling load
The menus are; air,PCM, Heat Exchanger, Heat Transfer Parameters and IESU menus.
Moreover, the user can chose one climate zone from Amman, Aqaba and Berlin. Snap
shot of these menus are shown in Figures (1 - 5).
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Figure 1: Air Menu
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Figure 2: PCM Menu
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Figure 3: Heat Exchanger Menu
117
. Appendix
Figure 4: Heat Transfer Parameters Menu
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Figure 5: IESU Menu
The user can chose the output styles which are save data to le or plot output data
or view output data directly in the software screen. An example for plotted output is
shown in Figure (6).
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Figure 6: Output Results Example
Furthermore, The hourly output temperatures at dierent locations can be monitored,
as shown in Figure (7). These temperatures are Tpi, Tpo, Tsi, Tso, Ts, Tpcm. Further-
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more, in order to facilitate the optimization analysis the user can select 8 parameters
and do multi-simulations for 8 parameters (Le, We, te, Lp, Wp, tp, _V , Tm).
Figure 7: Monitoring Menu
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